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ABSTRACT 
Prolific Chinese Meishan pigs have an ovulation rate (16-18 ova), fertilization rate 
and uterine size similar to females of U.S. pig breeds yet farrow three to four more piglets 
per litter. To determine the mechanism(s) for this increased litter size two studies focused 
on breed comparisons of the interaction between uterine type and fetal genotype during late 
gestation. A third study examined the effects of utilizing a selection criterion based on 
information obtained in the first two studies to increase litter size, 21-d weights and days to 
105 kilograms. 
Experiment 1: The surface area of Yorkshire placentae doubled in size (P < .001) 
between days 90 and 110 of gestation while placental and adjacent endometrial vascular 
density remained relatively constant. In contrast, there was no increase in placental surface 
area between day 70 and 110 in the Meishan pig. Instead, the vascular density of Meishan 
placentae and adjacent endometrium increased markedly (P < .05). As a consequence the 
ratio of fetal weight/placental weight (placental efficiency; RATIO) was greater for Meishan 
compared to Yorkshire conceptuses. 
Experiment 2: Meishan x Yorkshire crossbred conceptuses were 40% smaller when 
recovered from Meishan or Yorkshire uteri on either day 90 or 110 of gestation. While fetal 
weight increased (P < .001) between day 90 and 110, regardless of uterine environment, 
placental size remained unchanged. Additionally, the vascular density of placentae and the 
associated endometrium were similar, regardless of uterine type and remained constant from 
day 90 to 110 of gestation. RATIO was similar for conceptuses in either uterine type. 
While placental weight was significantly correlated with RATIO (r = -.66, P < .001), fetal 
weight was not. 
Experiment 3: No significant association was seen between RATIO and piglet weight 
at 21-days, days to 105 kilograms, backfat depth or loin muscle area in a herd of purebred 
Yorkshire and Landrace breeding stock. Thus an above average RATIO is indicative of a 
smaller more efficient placenta which appears to have no detrimental effects on growth rate. 
These experiments indicate that selecting for females with the capacity to limit 
placental growth should maintain an optimum litter size. Additionally, selecting piglets with 
a high placental efficiency would not inhibit economically important production traits. 
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GENERAL INTRODUCTION 
Sows of U.S. pig breeds ovulate 16-18 ova, have a fertilization rate of 95 % and have 
12 to 14 functional teats, yet only farrow 10 piglets per litter. This less than optimal litter 
size has remained for more than 80 years despite experimental procedures such as 
superovulation and superfetation that were designed to increase litter size. In contrast, the 
prolific Chinese Meishan farrows three to four more piglets per litter than sows of both U.S. 
and European pig breeds even though the ovulation rate, fertilization rate and uterine 
capacity are similar between the Chinese and occidental pigs. An increase of one piglet 
raised per litter could mean an additional 3 billion dollars to the pork industry. 
This research focused on the mechanisms used by the Meishan pig to increase the 
number of live bom piglets in each litter compared to sows from U.S. pig breeds. Once that 
mechanism had been elucidated, it was necessary to determine if a similar mechanism could 
be employed in sows from U.S. pig breeds to increase litter size without damaging the 
economic viability of U.S. pork producers. 
Dissertation organization 
This dissertation is organized in the alternative format. A literature review that 
covers the research examining the factors controlling litter size is presented first as a series 
of chapters. Two manuscripts from the research which focused on the mechanisms used by 
the Meishan female and fetal pig to increase litter size and neonatal survival are presented 
next. A third manuscript that examines the effects of a small placenta on postpartum piglet 
gains follows. The effects of this research on pork production in the United States are 
presented in the final section - general conclusions. References cited in the literature review 
are listed at the end of the dissertation. 
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ENVIRONMENTAL IMPACT ON PREPARTUM 
AND POSTPARTUM DEVELOPMENT 
The pig, Sus scrofa, is a domesticated polytocous species that reaches sexual maturity 
at approximately 180 days of age in American and European pig breeds and has an average 
gestation length of 114 days. Because the environmental factors affecting postpartum piglet 
growth are easier to discern, many studies have been performed to define the optimum 
environment that potentiates piglet growth. In contrast, the uterine environmental effects that 
regulate conceptus (fetus and placental membranes) development and growth are less well 
understood, as alterations in the uterine environment ^e not as easy to study. Fetal growth 
and development are just as dependent upon the gestational environment provided by the 
uterus and the genetics of the embryo as postpartum growth is dependent upon the 
environment in which the piglet is reared. 
Additionally, the effects of the uterine environment on conceptus growth are 
confounded by factors which may include maternal and fetal genotype, litter size and fetal 
position within the uterine horn just to name a few. Further, as the length of gestation in 
the pig is relatively long, conceptus growth and development may be compromised at 
different stages of gestation. Additionally, inhibition of fetal growth may occur indirectly 
through the reduction of placental growth and/or placental vascularity. This limitation of 
placental size or placental vascular density could have serious impacts on fetal growth as the 
placenta supplies both nutrients and oxygen to growing fetuses and removes waste products. 
In the pig, the placental weights and fetal weights are highly and positively correlated 
(Wooten et al., 1977). 
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This section will briefly review research into the factors modulating postpartum piglet 
growth before delving into the effects of the uterine environment on conceptus growth and 
development. 
Environmental effects and postpartum piglet growth 
Ambient temperature, space and feed quantity are known to affect postpartum piglet 
growth, Ingram and Weaver (1968) demonstrated the effects of two extremes in temperature 
on the partitioning of energy to either growth or homeothermic (self-regulation of body 
temperature within a narrow range, regardless of environmental temperature) mechanisms 
of littermate pigs. Littermate gilts were randomly assigned to either a 25°C or S'C 
environment and then both groups were fed so that weight gains were similar. Although the 
weights were similar for the two groups of gilts after seven weeks of exposure to distinctly 
different temperatures, the appearance of the gilts from the two environments were strikingly 
different. The gilts in the 5°C environment were 20% shorter in stature, the bones in their 
limbs appeared to be thicker (i.e., "heavier boned") and their hair coat appeared to be 
coarser and longer than their littermates who were raised at 25''C. An explanation is that 
the gilts raised at 5°C reduced their energy requirements for heat production by limiting 
body surface area and increasing hair coat, thus reducing the amount of surface area through 
which heat could be lost to the environment. Additionally, the gilts raised at the 5°C 
temperature ate significantly (P < .05) more feed daily than their littermates kept in the 
wanner temperature. 
Recommendations of space allowance for the pig are based on the effects of space 
restriction on health and performance. The results of overcrowding may include 
cannibalism, reduced weight gain, and feed efficiency along with gastric ulcers (Fritschen 
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and Muehling, 1986). To alleviate these stress effects, commonly recommended space 
requirements are based on body weight. These space requirements were determined to be 
.27 m^ from weaning to 20 kg, .36 m- from 20 kg to 50 kg, .54 m- from 50 kg to 70 kg and 
,72 m^ from 70 kg to 90 kg (NCR-89 Committee on Confinement Management of Swine). 
Rate of gain was shown to be 5% better and feed efficiency improved 2% for pigs raised in 
adherence to these space allowances as compared to pigs that were more crowded. 
Environmental impact on the uterine environment 
The environment in which a sow is maintained can also affect the uterine environment 
in which her conceptuses grow and develop. Restriction of both placental and fetal growth 
and development has been documented when all feed was denied to pregnant sows during 
the middle or last third of gestation (Anderson et al., 1979). Additionally, chronic heat 
stress in cows has been demonstrated to limit fetal growth and development when pregnant 
cows were exposed to increased temperatures (28°C and 36°C for 12 hours each day) 
between days 100 and 170 of gestation (Reynolds et al., 1985b). Inhibition of conceptus 
development in these species occurred regardless of the distinctly different placentation 
characteristics of each species. The placenta of both the pig and the cow is classified as 
epitheliochorial indicating that nutrients must traverse six tissue layers to pass from maternal 
to placental blood (Ramsey, 1982). These tissue layers number three on both the maternal 
and fetal interfaces (endothelium of maternal capillaries, connective tissue, uterine luminal 
epithelium, and chorionic epithelium, connective tissue and endothelium of placental 
capillaries, respectively). Although both the placenta of the pig and the placenta of the cow 
are considered to be epitheliochorial, the pig placenta is diffuse while the bovine placenta 
is cotyledonary (Grosser, 1927; Hafez, 1993). As gestation advances, the pig's placenta 
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increases its surface area in contact with luminal epithelium as placental membranes 
interdigitate with the rugae of the uterine wall (Bjorkman and Dantzer, 1987). In this 
species, nutrient and waste product exchange occur across the entire area of placental-
endometrial attachment. The ruminant placenta is cotyledonary in which placentomes (75-
100; Norden and de Lahunta, 1985) form as the maternal caruncles fuse with fetal 
cotyledons. In contrast to the pig, these placentomes act as the sites of fetal-maternal 
exchange while the areas between these structures remain unattached to the endometrial 
surface. 
Reductions in both placental and fetal size were evident when gravid sows were 
deprived of all feed (inanition) for 40 days during either the second or the third trimester of 
gestation compared to ad libitum fed sows (Anderson et al., 1979). Inanition of gravid sows 
for 40 days during the middle third of gestation decreased placental weight 30% from 179.1 
±7.1 grams to 124 ± 4.6 grams on day 70 of pregnancy compared with that of ad libitum 
fed sows (Anderson et al., 1979). Additionally, the associated fetal weight was decreased 
by 10% (214 ± 4.6 grams vs 234 ± 4.7 grams; P < ,05) on day 70 of gestation when sows 
were subjected to inanition vs ad libitum fed. When sows suffered through 40 days of 
inanition during the final third of gestation, placental weights were reduced from 233 ± 7.7 
grams to 184 ± 10.9 grams. The 10% decrease in fetal weight for fetuses recovered from 
sows that were starved (913 ± 31.1 g) compared to ad libitum fed sows (984 ± 26.7 g) was 
similar to that observed when sows experienced inanition during the second trimester of 
gestation. This reduction in fetal growth from sows experiencing inanition 40 days either 
in the middle or last trimester of gestation vs continual ad libitum feeding throughout 
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gestation was also reflected in significantly reduced piglet birth weights, 1.2 ± .03 kg or 1.0 
± ,03 kg vs 1.6 ± .05 kg, respectively. Interestingly, inanition of sows did not impact 
litter size which averaged 8.3 ± .55 live piglets. 
Uterine arterial blood flow, as determined by a electromagnetic blood flow 
transducer, did not differ between day 50 to day 90 of gestation between sows which were 
subjected to inanition or fed ad libitum, averaging 1.46 ± .17 compared to 1.34 ± .18 
L/min, respectively (Hard and Anderson, 1982). Additionally, uterine blood flow per fetus 
and uterine blood flow per gram of fetus were also similar in starved and ad libitum fed 
dams. The packed cell volume also did not differ (P > .05) between the starved and ad 
libitum fed sows (Hard and Anderson, 1982). However, the sows subjected to inanition lost 
12% of their body weight while the ad libitum fed sows gained 12% in body weight during 
the study. Thus, it appears that pregnant pigs mobilize their own existing stores of energy 
to maintain growth and development of conceptuses. These observations on the stability of 
blood flow during late gestation in a sow were confirmed by Reynolds et al. (1985a) who 
noted that in the gravid sow both uterine arterial blood flow and umbilical flow remain 
relatively constant between day 70 and day 110 of gestation. 
In contrast, uterine blood flow is reduced when pregnant cows are exposed to heat 
stress compared to those maintained at temperatures which were more moderate (Reynolds 
et al., 1985b). Pregnant cows were assigned to either control treatment (16°C) or heat stress 
(28°C for 12 hr followed by 36°C for 12 hr each day) for 70 days between days 100 and 
170 of gestation. On day 169 of gestation, catheters were surgically placed in the maternal 
uterine artery and vein and fetal femoral artery and vein. Blood flow was determined to 
7 
both the gravid uterus and fetus by infusing antipyrine into the femoral vein using the steady-
state diffusion technique (Ferrell et al., 1983). Declines of 34% and 23% in uterine and 
umbilical blood flow were observed in cows that were exposed to chronic heat stress between 
day 100 and day 170 of gestation compared with non-heat stressed cows (Reynolds et al., 
1985b). This reduction in uterine and umbilical blood flows was accompanied by 
concentrations of glucose and oxygen which were 10% lower in the uterine artery of heat 
stressed vs control cows. Additionally, the concentration of glucose was nearly four-fold 
lower in fetal blood from heat stressed vs control cows. 
Additionally, fetal weights were reduced by 18% from cows that were chronically 
heat stressed compared to control cows at day 174 of gestation (Reynolds et al., 1985b). 
These researchers noted a reduction in the weight of the liver, heart and spleen (as a 
percentage of calf weight) when the dams were heat stressed compared to the organ weights 
of fetuses from control cows. However, no measurable differences were noted in the weight 
of fetal calf musculature regardless of the ambient temperature of the dam's environment. 
The reduction in fetal and utero-placental glucose and oxygen uptake observed in this study 
was hypothesized to result from decreases in both uterine (34%) and umbilical (28%) blood 
flows. Yeates (1958) had previously hypothesized that exposure to high temperatures during 
pregnancy in sheep may divert blood from the viscera (uterus) to other tissues such as the 
lungs and respiratory tract that are involved in heat regulation. 
Uterine environmental impact on fetal development 
The effects of maternal size on fetal growth and development were examined in early 
crossbreeding experiments by Walton and Hammond (1938) and Joubert and Hammond 
(1958) in Shire horse x Shetland pony crosses and Dexter x South Devon cattle, respectively. 
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Additionally, embryo transfer experiments allowed Heape (1890; 1897), Venge (1950) and 
Hunter (1958) to further extend the knowledge of uterine environmental effects on fetal 
development. 
The Shetland x Shire cross foals from Shire mares (= 800 kg body weight) artificially 
inseminated with Shetland pony ( = 200 kg body weight) semen were nearly three-fold 
heavier at birth than Shetiand x Shire foals from Shetland pony dams artificially inseminated 
by Shire semen. Walton and Hammond (1938) suggested that such maternal regulation of 
fetal size might be brought about by regulation of fetal nutrition. These researchers 
hypothesized that maternal regulation of fetal size was more limiting in the Shetiand pony 
mare and that this regulation obscured most genetic differences between the crossbred foals 
and straight-bred Shetiand foals at birth. Additionally, placental weights were markedly 
heavier (P < .05) when recovered from Shire compared to Shetiand mares. Placental 
weights, however, were similar as a percentage of foal body weight, regardless of tiie uterine 
type in which the crossbred fetuses were gestated. However, after weaning, genetic 
differences became apparent as the Shetiand x Shire foals from Shetiand mares grew more 
rapidly than straight-bred Shetiand foals while Shetiand x Shire foals from Shire mares grew 
much more slowly than straight-bred Shire foals (Walton and Hammond, 1938). These 
results may indicate that the effect of the uterine environment is only temporary and does not 
hinder the genetic predisposition for postpartum growth. 
The additive effect of fetal genotype and maternal environment was more clearly 
demonstrated by Joubert and Hammond (1958) with a large cattie breed (South Devon; 682 
kilograms) and a small cattie breed (Dexter; 341 kilograms). In a reciprocal crossbreeding 
experiment, calves sired by larger South Devon bulls from smaller Dexter cows weighed 
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23.2 kilograms at birth while Dexter bull-sired calves from South Devon cows weighed 31.2 
kilograms at birth. In comparison, straight-bred Dexter calves weighed 22.2 kilograms while 
straight-bred South Devon calves had an average birthweight of 47.7 kilograms. Thus, 
crossbred calves gestating in the uteri of Dexter cows were half the size of straight-bred 
South Devon calves while calves of a similar genotype that had gestated in the uteri of South 
Devon calves were 40% larger than straight-bred Dexter calves. These researchers 
hypothesized that the size of the crossbred calf was dictated not only by its heredity, but also 
by the nutrients it could extract from the uterine environment in which it gestated. These 
results would also indicate that the uterine environment of South Devon cows may be more 
permissive towards fetal growth while uteri from Dexter cows is more limiting. 
Embryo transfers have been used in sheep (this species exhibits a cotyledonary 
placental type, similar to the bovine species) to examine the specific effects of the uterine 
environment and fetal genotype on conceptus development. When Hunter (1958) transferred 
embryos between large Border Leicester (BL; 63.6-81.8 kilograms) and small Welsh 
Mountain (WM; 36.4-45.5 kilograms) ewes, two breeds of sheep markedly different in 
mature size, these results were similar to those reported by Venge (1950). Hunter (1958) 
used these two sheep breeds hoping to observe strikingly different birth weights between 
lambs gestated in BL compared to WM uteri. While BL lambs bom to WM ewes weighed 
1.3 kilograms less at birth than BL lambs from BL ewes, WM lambs gestated in BL ewes 
weighed .56 kilograms more on the average than WM ewes lambed by WM ewes. 
Additionally, BL lambs were always heavier than WM lambs, regardless of the uterine type 
in which they gestated. Hunter (1958) noted that the uterine environment of the smaller WM 
ewe was capable of limiting the fetal growth of the genetically larger BL lamb, but the 
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uterine environment of the larger BL ewe could actually accelerate the growth of the 
genetically smaller WM lamb. Unfortunately, Hunter (1958) apparently did not measure 
placental sizes. Interestingly, BL ewes carrying WM transferred embryos had longer 
gestation lengths than BL ewes carrying BL lambs, even though the gestation length for both 
breeds of sheep was similar and averaged 150 days. This suggests that a fetus much smaller 
than normal for this breed of sheep could be carried longer. This longer gestation time for 
the WM lambs in the BL ewes may have led to heavier WM birthweights. 
Because of the lactational output differences due to the age of the ewes in this study, 
the influence of the sex of the lamb and differential birthweights due to differences in the 
number of lambs bom per female (range 1-2), Hunter (1958) noted that the uterine 
environmental influence on postpartum growth was difficult to discern. As the fetus is 
dependent upon the dam for its nutrient supply, the competition in later gestation between 
the fetus and the maternal tissues for available nutrients may be the mechanism of maternal 
influence on birthweight (Robinson et al, 1995). However, Hunter (1958) noted that after 
the lambs were weaned at 4 months of age, specific genotype growth patterns became 
evident. 
Unfortunately, the actual impact of the uterine environment on fetal development has 
been harder to quantify in litter bearing species because of the confounding effects of fetal 
genotype and fetal position within the uterine horn. Interestingly, the first study to attempt 
to differentiate between the effects of fetal genotype and uterine environment in a litter 
bearing species was reported by Walter Heape in 1890. Heape surgically transferred two 
Angora (5.5 kg body weight; long white fur) rabbit embryos into the uterine tube of a 
Belgian (4.1 kg; short red fur) recipient doe which had been serviced three hours earlier by 
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a Belgian buck. Two Angora rabbits and four Belgian rabbits were parturiated by this 
recipient female. Heape observed that the Angora rabbits were significantly larger at birth 
than their Belgian littermates and that this size discrepancy between the two different breeds 
of rabbit was still evident 23 weeks later. However, the weights of the rabbits from this 
experimental litter were not published. Heape noted later (1897) that the uterine 
environment had little effect on breed specific traits such as fetal size or postpartum growth 
characteristics. 
In contrast, Venge (1950) demonstrated a uterine environmental effect on both larger-
bodied (Flemish Giant; 5-6 kg) and smaller-stature (Polish; 1.5 kg) rabbits following embryo 
transfer to Polish or Flemish Giant does, respectively. Six Flemish Giant rabbits gestated 
in a Polish doe were 30% lighter at birth than 6 Flemish Giant gestated in Flemish Giant 
does (Venge, 1950). Additionally, at the same litter size, the Polish rabbits were 40% 
heavier at birth when gestated in Flemish Giant vs Polish uteri. Venge (1950) attributed 
breed differences in intra-uterine environment to creating the considerable deviations from 
normal in the birthweights of the transferred embryos. Extremely limited uterine space was 
hypothesized to be a factor in restricting prepartum development of Flemish Giant rabbits 
in the small Polish does (Venge, 1950). However, Venge (1950) noted that he was not able 
to distinguish between the "mechanical and the purely physiological influences" of the Polish 
uterine environment on the Flemish Giant fetuses as nothing was known about the nutrient 
availability for each fetus. Unfortunately, this researcher did not measure the postpartum 
growth rates of the transferred rabbits to monitor the long-term influence of their respective 
uterine environments. 
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In exanuning the effect of position within a uterine hom on fetal weight in the pig, 
Perry and Rowell (1969) noted that position impacted fetal weight only when more than five 
fetuses were present in the same uterine hom. These researchers noted that fetuses at the 
oviductal and cervical ends of the uterine hom were heavier (10%) than fetuses in the middle 
of the hom. Additionally, the percentage differences in the fetal weight based on position 
were similar, regardless of the day of gestation (day 30 through day 113 of gestation). 
However, these researchers also noted that the largest diameter blood vessels (i.e., the 
branches of the uterine artery) appear to extend towards the conceptuses in the middle of the 
uterine hom. Thus, Perry and Rowell (1969) could not attribute the differences in fetal 
weights based on uterine position in terms of the uterine vascular architecture. In contrast 
to the observations of Perry and Rowell (1969), both the oviductal tip and base (cervical end) 
of the uterine hom have more recently been shown to have an increased blood supply 
compared to the middle of the uterine hom (Ginther, 1976). Vascular castings showed that 
the tip of the uterine hom is supplied not only by the uterine anery but also by collaterals 
of the tubal branch of the ovarian artery which anastomose with branches of the uterine 
artery (Ginther, 1976). Additionally, the cervical end of the uterine hom in the pig receives 
its blood supply not only from the uterine artery but also from branches of the vaginal 
artery. However, in contrast to the anatomical studies by Perry and Rowell (1969) and 
Ginther (1976), Wooten et al. (1977), were unable to correlate position within the uterine 
hom with fetal weight. Additionally, after measuring blood flow to each conceptus within 
a uterine hom, Wooten et al. (1977) was unable to discem any differences in blood flow 
based on conceptus position within the uterine hom. 
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Fetal genotype effect on fetal growth 
More recently reciprocal embryo transfer between Charolais and Brahman cows, 
demonstrated that although the maternal environment of recipient cows influences fetal 
growth, fetal genotype is a primary determinant of fetal growth (Ferrell, 1991a). Charolais 
cows are known for their relatively heavy calves at birth while Brahman cows are known for 
low calf birth weights. Fetal weight was similar for Charolais calves at day 232 of gestation 
regardless of recipient breed (Ferrell, 1991a). Weights of Brahman fetuses were also similar 
in both uterine environments at day 232. Additionally, Brahman fetuses and their placentae 
always weighed less (P < .05) than Charolais conceptuses, regardless of uterine type. 
Although Charolais fetuses were 30% heavier at day 271 of gestation when gestated in a 
Charolais uterus than fetuses of a similar genotype gestated in a Brahman uterus (46.9 kg 
vs 33.9 kg, respectively). Brahman fetuses were 4.9 kg heavier in Charolais vs Brahman 
uteri (30.4 vs 25.5 kg, respectively). 
In a companion article, Ferrell (1991b) noted that uterine blood flow on day 227 of 
gestation in Brahman cows was significantly (P < .002) less than that of Charolais cows, 
regardless of fetal breed. In contrast, umbilical blood flow was related to fetal breed and 
not uterine type. Umbilical blood flow on day 227 of gestation for Charolais fetuses (3.86 
L/min) was greater (P < .005) than the umbilical flow rate of Brahman fetuses (2.30 
L/min). As a result, fetal weight was positively correlated (r = .60) to umbilical flow. 
Placentomal (caruncle and cotyledon) weights were significantly heavier for Charolais vs 
Brahman cows and heavier for Charolais vs Brahman fetuses. Interestingly, the weight of 
the cotyledons was twice as heavy for Charolais vs Brahman fetuses but not affected by 
uterine type. These data demonstrate that a fetus cannot always fully express its genetic 
potential due to constraints by the maternal environment, particularly during late gestation 
when fetal demands on nutrients are the greatest. Additionally, these results indicate that 
fetal growth may be limited by uterine blood flow and by the uteroplacental efficiency during 
the last 20% of gestation. 
Combined, the results from these studies indicate that each fetus interacts with the 
maternal environment independently. For many years, birth weight has been considered to 
be maternally determined while fetal genetics played a relatively minor role (Carr-Hill et al., 
1987). However, each fetus appears to exhibit a plasticity that enables it to adapt differentiy 
to the alterations in the maternal environment, indicating that genetics may play an important 
role in modulating the growth and development of each fetus throughout gestation, even in 
litter bearing species. 
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THE UTERUS 
Healthy, domestic U.S. sows ovulate 14-16 ova, have a fertilization rate which 
exceeds 95% yet only farrow an average of 8.6 piglets per litter (ISU Cooperative Extension 
Service, 1995). On days 10 to 12 post mating, nearly 100% of the embryos can be flushed 
from the uterine horns as verified by the number of corpora lutea on each ovary. However, 
significant death loss occurs later during gestation as litter size was found to decrease 
significantly from day 20 of gestation to day 110 of gestation (Warwick, 1928). 
The increased death loss during the later stages of gestation has been attributed to 
overcrowding in the uterine horn (Pomeroy, 1960). Overcrowding is associated with a 
reduction in uterine space per conceptus and thus may limit nutrient availability. The 
following section will explore research that has focused on uterine length and the uterine 
accommodation of conceptuses as well as conceptus influence on uterine length. 
Growth of the uterus from birth through the onset of puberty 
At birth the uterine wall is undifferentiated, but within 1 month uterine tissues have 
differentiated such that the luminal epithelium, uterine glands, and myometrium are distinct 
(Bal and Getty, 1970). Subsequendy the thickness of these uterine tissues increases in a 
linear fashion to 70 days of age and development of the uterine glands, endometrium and 
myometrium are completed by day 105 of age (Bal and Getty, 1970; Hadeck and Getty, 
1959; Erices and Schnurrbusch, 1979). 
Dyck and Swierstra (1983) theorized that distinct uterine growth patterns from the day 
of birth to day 168 in Yorkshire gilts were associated with ovarian development and an 
increase in gilt body weight. From birth to day 70, ovarian weight increased linearly from 
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.1 gram to 1 gram while uterine weight increased from 1 gram to 7.5 grams. Uterine hom 
length increased from 10 cm to 29 cm during this same time. By day 112, uterine tubal 
weight quadrupled from 2 grams to 8 grams while uterine weight increased to 30 grams. 
While uterine tubal weight plateaued until day 168, uterine weight and uterine hom length 
increased to 40 grams and 78 cm between day 112 and day 168. 
In contrast to the conclusions of Dyck and Sierstra (1983), Wu and Dziuk (1988b) 
showed that the ovary did not affect uterine development in gilts until after 60 days of age 
as ovarian weight in gilts did not increase significantly from days 20 to 60 of age. Uterine 
hom length in intact gilts increased rapidly in length, weight and diameter in association with 
increased ovarian weight between 100 and 180 days of age. In ovariectomized gilts, 
however, uterine horns grew slowly from 60 to 140 days of age and then remained static 
until 180 days of age. Additionally, the same uterine growth pattern seen in intact gilts was 
also documented in gilts with one ovary removed. Wu and Dziuk (1988a) noted that the 
ovarian effect on uterine development was a systemic effect because uterine growth was not 
different due to the location of the ovary relative to the uterine hom. 
Increases in uterine weight and length observed after day 70 were attributed to 
increased estrogen production by the ovary (Dyck and Swierstra, 1983). The ovarian weight 
increase in the second 10 weeks reported by Dyck and Swierstra (1983) was associated with 
an initial increase in the number of small ovarian follicles followed by an increase in the 
number of larger follicles accompanied by a declining number of small follicles. Tertiary 
follicles develop at 8 weeks after birth and may indicate the period that follicular 
development is dependent upon gonadatropins (Anderson, 1993). Total estrogen secretion 
has been shown to increase from 4 ^g to 23 /ig between 63 and 147 days of age (Schlenker 
et al., 1973). This sensitivity of the hypothalamic-pituitary axis to the negative feedback 
action of estradiol 17j8 decreases progressively as gilts progress from the prepubertal to 
postpubertal state, allowing follicles to increase in size with each succeeding cycle (Elasser, 
1982). 
Embryo migration and embryonic spacing 
Intrauterine migration of embryos, a means to equalize the distribution of fertilized 
embryos across both uterine horns regardless of ovulations per ovary, has been documented 
in litter bearing species (Del Campo and Ginther, 1973; 1974). Intrauterine transmigration 
of embryos was first reported in swine in 1921 by Comer and confirmed in 1926 by 
Warwick. However, after examining uteri from pregnant gilts beginning on the 1" day of 
estrus (day = 0), Hancock (1961) and Oxenreider and Day (1965) noted that embryos were 
found no further than 12.5 cm from the uterotubal junction until after day 5. 
Dhinsda et al. (1967) demonstrated that transuterine migration of embryos occurred 
after day 9 in primiparous sows with one uterine tube occluded as these researchers began 
segmentally flushing uterine horns after day 6 of conception. Embryos initially remain in 
the vicinity of the uterine tip until day 6 and then begin migrating through the horn on days 
7 or 8. However, by day 9 and 10 embryo migration was evident as only 47% of the 
embryos were located in the quarter of the uterine horn closest to the oviduct (Anderson, 
1978). Additionally, this researcher reported that by day 9 and 10, 47% of the embryos 
were found in the middle half of the uterine horn while the remaining embryos were found 
in the quarter of the uterine horn closest to the cervix. By day 12 embryos fully occupied 
both uterine horns (Dhinsda et al., 1967). 
Additionally, Dziuk et al., 1964 demonstrated the migratory capabilities of porcine 
conceptuses by transferring the conceptuses from pregnant black sows and pregnant white 
sows into the left or right uterine tubes, respectively, of synchronous virgin gilts. Fetuses 
from the two different breeds were interspersed in the uterine horns when gravid uteri were 
recovered from the recipient females at day 90 of gestation. 
Migration of the embryos through the uterus was hypothesized to be aided by frequent 
uterine contractions of relatively low amplitude between day 3 and day 12 of pregnancy 
(Keye, 1923). Additionally, because migration-sized embryos (larger than .5 mm in 
diameter) were known to synthesize estrogen (Gadsby et al., 1976; Heap et al., 1977; Pope 
et al., 1982) this steroid was hypothesized to play a role in intrauterine embryo migration. 
Pope et al. (1982) infused 10 1-2 mm silastic beads into the uterine horn of a non-pregnant 
gilt on day 7 of the estrous cycle. Some animals received beads containing estradiol-17/3 
while other animals received control beads containing cholesterol. The estradiol-incorporated 
silastic beads migrated further than beads with cholesterol incorporation. 
After intrauterine migration, pig embryos exhibit equidistant spacing (Dziuk, 1985). 
Based on slaughter data, each fetus appeared to require approximately 20 cm of uterine space 
if it was to survive to term (Knight et al., 1977). However, the space available to each fetus 
is not uniform throughout the uterus (Dziuk, 1985). Increased uterine space is available at 
both the uterine tip and base while space is limiting in the middle of each horn beginning at 
day 40 of gestation. This decreased space allocation through the middle of the uterine horn 
may lead to fetal death and resorption during early pregnancy. 
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Growth of the uterus in response to pregnancy 
The pattern of uterine horn growth suggests three phases of adaptation of the uterus 
to the products of conception (Reynolds, 1946; 1949). The first phase (progestational 
proliferation, prior to implantation) involves hyperplasia of the luminal epithelium and is not 
associated with uterine lengthening or increases in uterine weight. The second phase, one 
of hypertrophy of the luminal epithelium, occurs after implantation and sets the stage for the 
third phase. During the third phase the uterine horns increase in length. Potential 
limitations of uterine capacity, or the ability of the uterus to accommodate only a certain 
number of growing conceptuses, have been suggested as a possible limitation to increasing 
litter size in the pig. 
During the early phase of uterine adaptability to pregnancy both Pomeroy (1960) and 
Perry and Rowell (1969) observed some increases in uterine length, rather than only tissue 
hyperplasia as noted by Reynolds (1946; 1949). Uterine growth was observed between the 
2°^ and 6"' day of pregnancy by Perry and Rowell (1969) even before the fertilized eggs 
reached the uterus. Further, Pomeroy (1960) noted rapid lengthening of uterine horns during 
early pregnancy, although not until 18 days after conception. However, Wu et al. (1987) 
noted that the early observations by Perry and Rowell (1969) were flawed because those 
researchers had not considered differences in uterine measurements within individual 
animals. 
Wu and Dziuk (1988b) removed an ovary and ligated the ipsilateral uterine horn at 
the middle of the uterine horn with 2 nylon sutures 1 cm apart in 82 crossbred (Hampshire, 
Yorkshire and Duroc breeding) gilts at 5 months of age. This procedure allowed each 
animal to serve as its own control with both a gravid and non-gravid horn. Dziuk (1968) 
20 
had previously demonstrated that the ligation of the uterus does not interfere with 
maintenance of a pregnancy. These gilts were then bred at their first estrus and slaughtered 
on either day 9, 12, 15, 18, 21, 24 or 27 after breeding. No difference was observed in 
either weight or length for the gravid compared to non-gravid uterine horns, within the same 
female on days 9, 12 or 15 of gestation and the weight and length of the uterine horns for 
the pregnant females were similar to measurements from non-pregnant females. However, 
differences were observed in the length of gravid versus non-gravid uterine horns between 
day 18 through day 27 as the gravid horn was about 40 cm longer than the non-gravid. The 
weight of the gravid uterine horn also increased linearly between day 21 and day 27 of 
gestation while the weight of the ligated horn remained fairly constant. The gravid uterine 
horn also increased in diameter by 25% to 180% between days 18 and 27 compared to its 
counterpart, the non-gravid horns, which did not increase in diameter. 
King and Young (1958) examined the effects of inbreeding on embryonic mortality 
in the pig at day 28. These researchers noted that the differences in both ovulation rate and 
embryonic mortality up to day 28 was not significant between inbred and outbred Yorkshire 
sows, averaging 17.7 ovulations and 4.4 per cent, respectively. However, when the mean 
length of a uterine horn (159 cm) from crossbred sows was compared to that of inbred sows, 
the combined uterine horns were 35 cm longer. Additionally, sows that previously farrowed 
one litter had uteri which were 39 cm longer than uteri measured from nulliparous females 
at day 28 of gestation. Longer uteri in this study were associated with an increased number 
of viable fetuses. While King and Young (1958) hypothesized that longer uteri reflected 
uterine stretching to accommodate an increased embryonic number, these researchers did not 
report a significant correlation between uterine horn length and litter size in outbred or 
inbred sows or gilts. 
However, early work by Dziuk (1968), Fenton et al. (1970), and Pope et al. (1972) 
demonstrated that uterine capacity was not limiting to embryonic development during the first 
month of development. Dziuk (1968) superovulated gilts by injecting them with 1,500 lU 
of pregnant mare serum gonadotropin (PMSG) followed 96 hours later with 500 lU of human 
chorionic gonadotropin prior to breeding. Uterine length and embryonic survival (number 
of viable embryos) were similar between control and superovulated gilts when these animals 
were slaughtered at day 30 of gestation (Dziuk, 1968). Fenton et al. (1970) performed 
unilateral ovariectomy-hysterectomy (UHOX) on gilts and determined that fetus viability was 
similar at day 25 of gestation between UHOX and control females, 8.7 ± .7 and 9.3 ± .6 
fetuses, respectively. Pope et al. (1972) later superovulated gilts using a regimen similar to 
Dziuk and artificially inseminated these gilts 24 hours after the HCG injection. However, 
these researchers transferred either 12 or 24 embryos from the superovulated females into 
recipient virgin gilts. At day 25 of gestation, these researchers found that recipient gilts 
receiving 24 compared to 12 embryos had double the number of viable embryos, 16 vs 7, 
respectively. However, when UHOX gilts were allowed to gestate conceptuses until day 
105, the number of viable embryos was decreased compared to intact females, 5.5 ± .5 
compared to 9.9 ± .6, respectively, and fetal weights were similar averaging 847 ± 49 
grams and 918 ± 47 grams, respectively (Fenton et al., 1970). 
Positive relationships were demonstrated between uterine horn length and the number 
of conceptuses at 3, 5, 7, 9, 11, 13 and 15 weeks of gestation (Wu et al., 1988). These 
results confirmed the positive relationship between total length of the uterus and the total 
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number of fetuses during early pregnancy reported by Holness (1982). Each additional fetus 
was associated with a 10 cm increase in uterine horn length regardless of stage of gestation. 
Therefore, Wu et al. (1987) theorized that embryos with less than 10 cm for an implantation 
site would have less than the prerequisite 20 cm uterine length at 3 weeks of age. These 
fetuses were hypothesized to either die and be resorbed or would ultimately be smaller than 
their littermates and be bom as runts. Thus, the initial length of the uterine horn may 
determine litter size and gives credence to Legault (1985) theory that increased litter size of 
older and larger sows was due to greater uterine capacity. 
Additionally, the effects of embryonic number on the length of a uterine horn only 
impacted the horn where the embryos implanted and did not affect the contralateral horn (Wu 
et al., 1987). These researchers demonstrated that the length of the uterine horn was directly 
proportional to the number of fetuses each horn contained. Not surprisingly, when ovulation 
number (based upon corpora lutea number) was above 14, strong, negative correlations (r 
= -.55, P < .001) existed between prenatal mortality and uterine length in crosses of 
domestic U.S. swine breeds. This study confirmed Dziuk's 1968 hypothesis that the 
embryonic crowding has little effect on embryonal survival in gilts with less than 14 
embryos. 
In an evaluation of pig breed differences of uterine measurements during early 
pregnancy, it was determined that uteri of Yorkshire and Duroc primiparous sows were of 
similar lengths at day 10 of pregnancy, 279 cm compared to 277 cm, respectively (Davis et 
al., 1987). However, by day 35 of pregnancy when the number of live embryos was similar 
between the two breeds of pigs, Duroc uteri were 36 cm longer than Yorkshire uteri, 411 
cm vs 375 cm, respectively. This increase in uterine length for Duroc vs Yorkshire females 
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is interesting because Duroc sows (as a breed) are known to be less prolific than Yorkshire 
females (Fahmy, 1971). In contrast to the Davis et al. (1987) study, uterine horn length was 
markedly longer throughout late gestation (days 80-110) for Yorkshire vs females from a less 
prolific breed of feral pig, the Ossabau (Hagen and Kephart, 1980). Ossabau piglets are 
known to be of smaller skeletal structure, fatter and slower growing than Yorkshire piglets. 
Although Yorkshire litters were larger than Ossabau litters (9.4 piglets vs 6.2 piglets), 
uterine space was similar per piglet in either Ossabau or Yorkshire uteri. Interestingly, the 
total weight of Yorkshire fetuses per horn was more than double the weight of the Ossabau 
fetuses per horn (3065.4 g vs 1498.8 g, respectively) at day 80 of gestation. Fetal weight 
at day 80 of gestation for Yorkshire fetuses was 33% heavier than for Ossabau fetuses, 326 
grams compared to 212 grams, respectively. The observed similar space allocation for both 
Yorkshire and Ossabau fetuses indicates the uterine space may not be a limiting factor in the 
decreased litter size of the Ossabau pig, but instead may be associated with a decreased 
ovulation rate for this feral breed of swine. 
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PRENATAL SURVIVAL IN THE PIG 
The preceding chapter discussed that the uterus is not limiting to litter size until after 
day 30 of pregnancy in the pig. Additionally, the same chapter in this dissertation noted that 
superovulation and superfetation may increase the number of viable embryos up to day 30, 
but litter size between treated and control sows was similar at term. This chapter will focus 
on prenatal survival of the fetus in the pig, emphasizing fetal growth from day 30 through 
then end of gestation and the associated fetal death losses through this time. 
Piglet survival from conception to term has been estimated at 55 % both by Casida 
(1953) and Squires et al. (1952). This estimate is based on the number of living piglets 
produced at term. Embryonic losses in the later portion of the embryonic period from day 
25 to day 40 of gestation are generally small, approximating 5% of the ova shed (Wrathall, 
1971). Therefore, 40% of the losses from conception must either occur prior to day 25 or 
after day 40. Long's 1906 observation may have been the catalyst for an extensive 
evaluation of fetal (prenatal) piglet growth by Lowrey (1911). Lowrey obtained 20 litters 
from abattoirs in Chicago, Kansas City and Columbia, recording the crown-rump lengths 
(CRL) and fetal weights on fetal piglets in each litter. The youngest litter, estimated to be 
23 days of age measured 15 mm in CRL while the oldest fetuses averaged 262 mm CRL and 
weighed 728 grams were estimated to be in their last month of gestation (term according to 
Lowrey was day 112 of gestation). Based on the growth curve that was generated, Lowrey 
observed that the most rapid growth occurred in the embryonic stages as the ovum increased 
from 3 ^g to a 250-mg embryo in three weeks. 
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Warwick (1928) further detailed fetal piglet development using Poland China, Duroc 
and Chester White sows slaughtered at known dates. The fetuses recovered from these 43 
gravid females formed the basis of fetal development curves that Warwick (1928) used when 
fetuses of unknown gestational age were recovered. Warwick (1928) documented that 
increases in CRL were linear from day 20 (25 mm) through day 114 of gestation (260 mm). 
Moreover, fetal weights increased progressively from day 30 (100 grams) to day 70 (200 
grams). Increases in fetal weight were more dramatic between day 70 and day 110 as fetal 
weights quadrupled from 200 grams to 800 grams, respectively. Additionally, Warwick 
(1928) further noted that fetal weights increased from 800 grams at day 110 of gestation up 
to 1150 grams at birth (day 114 of gestation). 
It wasn't until midway through gestation that Warwick (1928) noted that fetal weights 
were similar to placental weights (between the 60"^ and 70*^ day of gestation). Additionally, 
positive correlations (r = .50, P < .05) were documented between fetal weight and the 
weight of placental membranes, emphasizing the relationship between the growth of the 
placenta and its fetus. 
While the fetus is accelerating its weight gains during the last half of gestation, the 
component parts of the fetus displayed differential growth patterns in Large White and Essex 
pigs (Pomeroy, 1960). Although, the length of bones (i.e., humerus, radius) was highly 
correlated (r = .75, P < .01) with gestation age (Ullrey et al., 1977) the weight of the 
skeleton increased at a slower rate than body weight between days 50 and 110 of gestation 
(Pomeroy, 1960). These data combine to indicate that the skeleton becomes a progressively 
smaller contributor to total carcass weight as gestation progresses. While similar increases 
in organ weight were observed for the heart, liver, lungs and trachea, kidney and spleen 
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(Pomeroy, 1960; Flecknell et al., 1980; Ullrey et al., 1977), the relative per cent of body 
weight represented by these organs did not change during late gestation. In contrast to the 
allometric growth pattern exhibited by the other organs and the decreased growth rate 
displayed by the skeleton, the relative growth of the alimentary canal of the fetal pig 
increased 7-fold from day 74 to day 110 of gestation (Pomeroy, 1960). 
It has been documented that "runt" piglets (piglets weighing 70% of their littermates 
average body weight) had smaller soft tissue vital organs (liver, spleen and heart) and 
essential skeletal muscles (Widdowson, 1971). Both these tissue sources contained fewer 
cells as determined by DNA analysis, suggesting that runt piglets have fewer cells than their 
normal littermates. Additionally, Widdowson (1971) demonstrated that these smaller, runt 
pigs grew at a slower rate and often reached a smaller mature body weight than their larger 
littermates. However, during the last half of gestation, small fetuses appeared to close the 
gap which existed between their weight and the weight of their larger littermates (Pomeroy, 
1960). While the smallest fetus was only 37% of the weight of the largest fetus at 74 days 
of gestation, the weight of the smallest fetus had increased to 56% of the largest fetus by day 
73. However, by day 108 to day 110 of gestation, only a 10% difference existed between 
the weights of the largest and smallest fetuses in a litter (Pomeroy, 1960). 
Perry and Rowell (1969) suggested that the proportion of runt fetuses increased when 
the litter size is increased after assessing the proportion of smaller fetuses in 157 uterine 
horns between days 50 and 113 of gestation. These researchers also demonstrated that 
piglets with decreased body weights were not associated with one uterine position or another. 
However, when the number of fetuses in a uterine horn exceeds 5, those at the ends tended 
to be heavier (5-10%) that fetuses in the middle. Additionally, fetuses at the ovarian end of 
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the uterine hom had an increasing weight advantage over fetuses in the base by up to 10 to 
15%. These fetal weight differences based on uterine hom position had been previously 
suggested by Waldorf et al. (1957). 
There also exists in the pig an inverse relationship between the total number of 
fetuses within a litter and the average weight of the individual fetuses, although this 
relationship may be statistically insignificant. Sharpe (1966) noted that litter size was 
inversely related to birth weight when the number of fetuses in the litter ranged from nine 
up to 14. Additionally, Pomeroy (1960) observed that with the addition of each fetus, the 
average weight of all littermate fetuses on day 70 of gestation was decreased by 7.7 grams. 
Although Pomeroy (1960) observed that the weight of each piglet decreased as the number 
of piglets increased, this decrease was not statistically significant. Unfortunately, this 
researcher did not record the average littermate fetal weight. In agreement with Pomeroy 
(1960), Waldorf et al. (1957) noted that when the number of fetuses in a uterine hom 
increase, there was an insignificant decrease in the average fetal weight when litters were 
examined at day 105 of gestation. These researchers suggested that this indistinct 
relationship between average fetal weight and number of fetuses within a uterine hom was 
directly related to the amount of space available for each conceptus' placental development. 
They concluded that the local effects (number of fetuses) within a uterine hom were more 
important in the determination of litter size than general factors such as the total number of 
fetuses within the litter. 
It may be that the length of attachment to the endometrium during early gestation in 
the pig influences fetal development as gestation progresses. Rathnasabapathy et al. (1956) 
noted an association between the body weight of fetuses and the uterine space which they 
occupied when Landrace x Poland China gilts were slaughtered at day 55 of gestation. 
However, this effect was not linear, as increasing uterine space beyond 40 cms did not 
appear to influence fetal growth. Interestingly, the average fetal weight at this stage of 
gestation was 84 grams and the average space occupied per fetus was 27.2 cm. The average 
implantation site length measured by these researchers closely approximates the average 
implantation site length (27 cm) observed by Perry and Rowlands (1962) during early 
gestation (days 13-18). 
Although uterine environments are inhibitory towards fetal growth, researchers have 
shown that uteri of some sow lines are more inhibitory than others in comparison studies. 
Marked differences in fetal weights existed in reciprocal crosses between the feral Ossabau 
pig and Yorkshires, a domestic U.S. pig breed. When pregnant straight bred Ossabau and 
Yorkshire females and their reciprocal crosses were slaughtered at day 75 of gestation 
straight-bred Yorkshire fetuses were nearly 60% heavier than straight-bred Ossabau fetuses, 
362 grams vs 230 grams (Gilberston-Beadling et al., 1988). These researchers reported that 
the crossbred fetuses sired by Yorkshire boars weighed 306 ± 21 grams while F1 fetuses 
sired by Ossabau boars only weighed 236 ± 9 grams. However these Yorkshire x Ossabau 
fetuses were similar in crown rump length (17.5 ± .6 cm) regardless of the uterine 
environment in which they were gestated. Of particular interest was the indication that any 
conceptus sired by an Ossabau boar was significantly smaller than conceptuses sired by a 
Yorkshire boar, 234 ± 15 grams vs 343 ± 20 grams, respectively. 
This difference in fetal weight was also observed at day 100 of gestation when 
pregnant females from straight-bred lines and reciprocal crosses of lean and obese swine 
were slaughtered (Stone et al., 1985). These researchers utilized Yorkshire and Duroc lines 
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which had been selected for 16 or 18 generations, respectively, for high (obese) or low (lean) 
backfat. The resulting pigs were then crossed within line Gean or obese) to produce 
composite lines of lean or obese swine. In this study, fetuses sired by lean line boars were 
heavier (P < .05) than fetuses sired by obese line boars, regardless of the uterine 
environment, 1082 ± 73 grams versus 888 ± 62 grams, respectively. Interestingly, Stone 
et al. (1985) noted that the neonatal survival was =20% higher in both the obese line and 
feral line swine compared to control breeds. These researchers attribute this increased piglet 
survival by the obese and Ossabau compared to lean or Yorkshire piglets, respectively, to 
increased neonatal maturity, as indicated by the increased depth of backfat that the offspring 
from both these lines carried at birth. 
Even though the most rapid fetal growth is seen from day 30 to term in the pig with 
exponential increases in body weight observed after day 70 Warwick (1928) noted limited 
fetal death losses during this exponential fetal growth. This conclusion by Warwick (1928) 
is in contrast with the later findings of Wrathall (1971) who hypothesized fetal losses were 
occurring after day 40 in the pig. Fetal deaths were similar between the first (50 to 80 days 
of gestation) and second (80 to 110 days of gestation) periods, averaging 3.0% and 4,2%, 
respectively. Additionally, Warwick (1928) noted that position within the uterine horn did 
not impact the percentage of fetal deaths. However, when the number of fetuses within a 
uterine horn numbered more than 5, Warwick (1928) noted that there was an increasing 
percentage of dead fetuses. These results were confirmed by Perry and Rowell (1969) who 
found uterine homs which contained one to five fetuses (mean 3.8 fetuses) had 1.0% fetal 
deaths while 945 homs containing six to eleven fetuses (mean 7.4 fetuses) had 7.3% dead 
fetuses. In agreement with Warwick (1928), these researchers found no indication that fetal 
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deaths were associated with any particular position within the uterine horn. These data 
indicate that fetal growth, occurring during the last two-thirds of gestation, is associated with 
only 6% of the embryonic losses that are known to occur in the pig. These data indicate that 
litter size has been largely determined prior to day 40, and the mechanisms that will control 
the size of each conceptus have been initiated. 
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PLACENTA FORMATION AND GROWTH DURING GESTATION 
The chorioallantoic placenta emerged as species evolved from oviparity to viviparity, 
functioning both as protection and as a nutrient source for the developing fetus. J. P. Hill 
(1910) noted "We accordingly find that the primary objective of the first development 
process in the mammals has come to be the formation of a vesicle with a complete cellular 
wall, capable of absorbing nutrient fluid from the maternal uterus and growing rapidly so as 
to provide the space necessary for embryonal differentiation." Placental development in the 
pig begins with the formation of a primitive yolk-sac, followed by the three membranes of 
the "true" placenta - the chorion, allantois and amnion. The following section will briefly 
describe gastrulation in the pig and will describe in further detail the three membranes which 
compose the placenta. 
In the pig, the fertilized egg (zygote) undergoes the first two to three mitotic divisions 
as it passes through the uterine tubes, reaching the uterine lumen at the 4 to 8-cell stage. 
As the embryo continues to cleave, it passes through the compacted ball (morula) stage 
where intracellular apposition is maximized (Johnson, 1996). The pig morula is transformed 
into a hollow ball of cells (blastocyst) between day 4 and day 5 (Senger, 1997). Each cell 
division results in smaller cells (blastomeres) as the embryo continues to be encased by the 
rigid zona pellucida (an acellular glycoprotein layer), preventing any significant increase in 
embryo size. 
It is during the formation of a morula and at the blastocyst stage that the cells of a 
pig embryo begin the complex series of morphogenetic movements in which distinct tissue 
layers are formed. As the formation of germ layers begins on day 7-8 in the pig embryo 
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(Rugh, 1964), gastrulation appears to be carried out in a more leisurely fashion than in the 
chick embryo where the beginnings of gastrulation are already visible at 24 hours (Kaltoff, 
1996). 
Gastrulation 
Cell compaction begins on day 4-5 after estrus (Tomanek et al., 1989) before the 
embryo reaches the 8-cell stage in the pig, and the apposition of adjacent cell membranes in 
maximized (Johnson, 1996). This process of compaction precedes cell polarization. During 
cell compaction cell membranes which face outward towards the uterine endometrium are 
referred to as apical cell membranes. All basal cell membranes rest on a layer of 
extracellular matrix (basal lamina) comprised of collagen plus glycoproteins that underlies 
these cells. The resulting cell polarity is not dependent upon intercellular interactions but 
instead the apical domain (cellular cytoplasm below the apical cell membrane) of each cell 
appears to be acting as a determinant (Johnson and Selwood, 1996). Therefore, when a 
cleavage furrow bisects the apical domain, the apical domain is equally distributed between 
the progenitor cell and its daughter cell, and both will demonstrate polarity. However, if 
the cleavage furrow is parallel to the apical membrane the daughter cell will be apolar while 
the progenitor cell maintains its polarity. This maintains polarized cells towards the exterior 
of the embryo while apolar cells are localized to the interior. These polarized cells function 
to pump Na"^ across to the apolar surface of the blastocyst (Prather and First, 1988). 
Additionally, these polarized cells form specialized tight junctions with neighboring lateral 
cells and seal off the embryo from its environment (Ducibella et al., 1975). These cells are 
the trophectoderm and give rise to the outer membrane of the placenta (Prather and First, 
1988). The interior apolar cells differentiate to become the inner cell mass (ICM) and are 
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pluripotent (Johnson and Selwood, 1996). The ICM is the progenitor of not only the fetus 
but also the components of the extra-embryonic membranes, notably the amnion and the 
allantois and a portion of the chorion (Gossler, 1992). 
The pumping of Na"^ by the trophectoderm against electrochemical gradients across 
the cell membranes to the center of the blastocyst and the imbibition of fluids by osmotic 
action creates a fluid filled cavity (blastocoel). This blastocoel is analogous to an unfilled 
yolk cavity (Patten, 1996). The blastocyst hatches from the zona pellucida 6-7 days post 
mating (Stroband and van der Lende, 1990) and during this preattachment stage embryo 
undergoes rapid morphological changes. 
Cells which delaminate (splitting of one cell layer into two parallel layers) from the 
inner cell mass and migrate into the blastocoel are the first entoderm cells and are evident 
on day 7 (Rugh, 1964). Through mitosis, entoderm cell numbers increase rapidly and these 
cells migrate along the inside of the trophoblast, forming a second layer. The cavity 
encircled by the entoderm is known as the archenteron or primitive gut. The mass of cells 
that does not participate in the aforementioned migration becomes known as the embryonic 
disc. 
Meanwhile, the primitive streak differentiates from the caudal end of the embryonic 
disc after the appearance of the entoderm. This thickened longitudinal band is the 
homologue of the blastopore lip found in amphibians and precedes the formation of the 
mesoderm (Kaltoff, 1996). At 12 days, the pig embryo resembles the 16-hour stage chick 
embryo (Rugh, 1964). 
The reshaping of the embryonic disc to form the primitive streak pushes out rapidly 
mitosing cells, progenitor cells of the mesoderm, into the layers which have already started 
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to differentiate (Patten, 1959). Rapid mitosis within the embryonic disc results in the 
continual production and migration of the newly formed mesoderm cells away from the disc. 
The rapidly developing mesoderm differentiates, as the lateral portions of the mesoderm 
delaminates, forming the somatic mesoderm and splanchnic mesoderm (Patten, 1959). In 
development, the somatic mesoderm is closely associated with the trophectoderm and these 
two layers together are called somatopleure. Similarly the apposition of the entoderm with 
the splanchnic mesoderm is called the splanchnopleure. The cavity arising between the two 
layers of mesoderm is referred to as the extra-embryonic portion of the coelom or 
exocoelom. 
The original sheet of ceils which still covers the embryo after the formation of 
entoderm and mesoderm continues to be referred to as the trophectoderm. As trophectoderm 
cells rapidly proliferate, the pig blastocyst expands to a diameter of approximately 10-mm 
on day 11 to 12, moving from spherical to tubular in shape. The now tubular shaped 
embryo rapidly elongates (30-45 mm per hour), resulting in a filamentous embryo often 
reaching 1 meter in length (Geisert et al., 1982). As DNA content was similar between 
transitional and elongating embryos (Pusateri et al., 1990), elongation of the porcine embryo 
is considered to be primarily the result of cellular remodeling rather than hyperplasia (Geisert 
et al., 1982; Pusateri et al., 1990). 
Placenta formation 
Chorion 
During the elongation process the trophectoderm is underlaid by the mesodermal cells 
(somatopleure) and this membrane is referred to as the chorion. The true chorion is only 
present for a relatively short period of time during placental development (Mossman, 1987). 
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As this chorionic membrane reaches its maximal length, it appears as a slender tube 
encompassing the embryo (Heuser, 1927). The surface of the chorion increases later as this 
tube's diameter enlarges while its length is reduced. All exchanges between the embryo and 
its maternal environment occur through the chorion as this epithelium is in direct contact 
with the maternal uterine epithelium. 
Yolk sac 
As the trophoblastic portion of the vesicle extends laterally from either direction of 
the embryonic disc, the entoderm and splanchnic mesoderm both lengthen ventrally from the 
embryonic disc. The extension of the entoderm/splanchnic mesoderm forms a slender, 
tubular yolk sac from the midventral region of the embryonic pig. The yolk sac lies in close 
apposition to the chorion (Heuser, 1927). Blood vessels within the yolk sac form a complete 
capillary network. Nutritive material derived from uterine milk (histotroph) is absorbed by 
the yolk sac and is then transported to the embryo by the capillary plexus crossing 
throughout the vitelline membrane (yolk sac; splanchnopleure). Histotroph secreted by the 
maternal uterine glands may not be ready for immediate utilization by the embryo and thus 
is first processed by the entodermal cells of the embryonic pig's yolk sac. This yolk sac 
remains functional until the allantois (a diverticulum of splanchnopleure and entoderm from 
the embryonic hindgut) is fully developed. The yolk sac associated with the 15-20 somite 
(mesodermal precursors to the vertebral column; Patten, 1959) embryonic piglet ranges from 
5 to 25 mm in length (Jordan, 1916). This vitelline membrane reaches its maximum size on 
day 18 and is isolated from the chorion by the extension of the exocoel beneath the yolk sac 
(Perry, 1981). The yolk sac then rapidly shrinks on days 19 and 20, replaced by the 
allantois. 
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Allantois 
The allantois develops soon after the establishment of the embryonic hind gut. 
Formed from the ventral entodermal wall of the hind gut, the allantois is covered by a 
visceral layer of splanchnic mesoderm. In the early stage of development the allantois is 
shaped like Napoleon's hat (Perry, 1981) with the upturned ends less swollen than the medial 
section. The allantois enlarges very rapidly after the 5-mm stage of the embryo but initially 
has no connection with the chorion. 
The developing allantois grows rapidly until it appears as a large semilunar sac 
attached to the embryonic hind gut by a stalk. The allantoic blood supply is derived from 
the caudal end of the fetal aorta (Patten, 1959). The arteries and veins course along the 
lesser curvature of the allantois and send branches to both sides of the allantois. The 
branching of this blood supply in the allantoic mesoderm into highly developed thin-walled 
vessels appears to be driven by the regression of the yolk sac. This early vascularization 
eventually encompasses the entire allantois. Later, the area encircling the embryo increases 
vascular density while the vessels in the tip of the allantois become sparse (Heuser, 1927). 
Chorioallantoic membrane 
The expanding allantois fills the exocoel by day 18 and in so doing, the allantoic 
splanchnic mesoderm fuses with the chorion, resulting in the chorioallantoic membrane. The 
resulting fusion of these two phyologenetic different membranes consists of an outer layer 
of ectoderm, an inner layer of entoderm and splanchnic mesoderm in between (Patten, 1959). 
The blood vessels carried by the intervening mesoderm ramify over the chorioallantoic sac 
except for its extremities (Perry, 1981). Between day 18 (Perry, 1981) and 24 (Amoroso, 
1952) of pregnancy apposition of the chorion to the allantoic membrane is complete and all 
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future exchanges between the maternal environment and fetus must pass through this newly 
formed chorioallantoic barrier. 
As placental development proceeds, three zones develop on the chorionic surface 
(Noden and de Lahunta, 1985) of the chorioallantoic membrane. One-half to two-thirds of 
this surface comprises the placental zone where gyri and sulci fit into corresponding sulci 
and gyri in the maternal endometrium. The development of microvilli on the chorionic 
surface which interdigitate with the maternal microvilli further increase the surface area of 
contact. This interdigitation of villi increases with the length of gestation (Friess et al., 
1980; 1981). At the end of pregnancy, the effective placental barrier separating the fetal and 
maternal bloodstream measures 2 ixm or less. Friess et al. (1981) theorized that the 
membrane thinning demonstrated the need for increased absorption in those areas. Areola 
are also present in the placental zone, among the folds of the chorioallantoic membrane. 
These shallow, cup-sized indentations sit opposite to uterine endometrial glands and facilitate 
the uptake of histotroph (uterine milk). Capillary penetration of the epithelia is not seen in 
the areolae as it is seen in the chorioallantoic folds (Ramsey, 1982). 
The paraplacental zones of the chorioallantoic membrane, marked by smooth chorion, 
are the lateral extensions of the placental zone (Noden and de Lahunta, 1985). These 
paraplacental zones lack folds and areolae. Due to the lack of blood vessels in this region, 
the distal tips are markedly reduced in size and appear to be shriveled in comparison to the 
placental zone. Coloration of these tips may range from green to brown in contrast to the 
bright pink color of the central placental region. The ischemic region (necrotic tips) of 
adjacent fetal membranes become intertwined after the first trimester of gestation and by the 
end of the second trimester neighboring placentae are adhered to each other. However, 
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because of the lack of blood vessels in this region of the placenta, there is no transfer of 
blood (or blood-bom hormones) from one fetus to the next (Noden and de Lahunta, 1985). 
Amnion 
The first indication of amnion formation by the porcine conceptus is evident shortly 
after the primitive streak stage (Patten, 1959). The amnion, which surrounds the developing 
embryo, arises as a layer of somatopleure and is formed by infolding of the chorion. The 
walls cannot meet because the connecting stalk and later the umbilical cord intervenes 
(Ramsey, 1982). Embryonic ectoderm spreads around the inner wall of the sac. 
Additionally, the outer mesodermal layer remains avascular to term. 
The amniotic sac remains relatively small and is crowded against the chorion by the 
encroaching allantois during chorioallantoic membrane growth and development. Later on, 
the amniotic sac expands rapidly, obliterating the central portion of the exocoelomic space. 
When the amniotic sac is complete, fluid filled the sac, measuring up to 200 mL by the third 
month of gestation (Amoroso, 1952). Thereafter, the fluid in the amniotic sac is highly 
variable and the volume tends to decline with increasing gestational age. This fluid-filled 
bag suspends the embryo by equalizing the pressure against the growing life form, serving 
as protection against mechanical injury. Additionally, the continual fluid bathing of the soft 
tissues of the embryo prevents tissue adhesions, and thereby prevents malformation. 
An edematous gelatinous mesenchyme is found between the amnion and the 
chorioallantoic membrane during the early fetal period (Mossman, 1987). Although this gel 
is characteristic of artiodactyla (even-toed hoofed mammals), the pig placenta contains an 
unusually large amount. Although the function of this mucoid mesenchyme is not known, 
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Patten (1959) referred to this combined layer as a primitive gelatinous connective tissue or 
the embryonal connective tissue. 
Vascularization of tiie piacenta 
The vascularization of the placentae can be seen during the early development of the 
fetus as there are conspicuous channels leading to the yolk sac and allantois (Patten, 1931). 
The main arteries extending from the aorta to the yolk sac are called omphalomesenterics and 
their terminal branches the vitellines. The main vessels leading to the allantois are known 
as the allantoic arteries, or, in mammals, the umbilical arteries. 
Adjacent blood islands coalesce, resulting in the formation of the primordial capillary 
bed of the yolk sac (Patten, 1931). Synchronous changes occur in the allantois and by the 
time blood begins to circulate, a rich plexus of vessels exists in the allantois. This plexus 
is fed by the allantoic branches of the aorta and blood is returned to the heart by a pair of 
allantoic (umbilical) veins. As the yolk sac circulation undergoes regression, this mesh of 
allantoic vessels becomes progressively more developed and soon takes over the metabolic 
interchange between the fetus and its mother (Patten, 1931). The left umbilical vein carries 
blood to the heart via the liver while the right umbilical vein undergoes involution within the 
fetus (Bjorkman and Dantzer, 1987). 
The chorioallantoic blood vessels appear to be most dense over the central portion of 
the placenta, becoming sparse towards the tips of the fused chorioallantoic membrane. This 
dearth of vessels at the tips of the placenta leads to the necrotic tips which are characteristic 
of the pig (Heuser, 1927). 
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Placental growth 
After apposition of the extraembryonic membranes to the uterine wall, fetal 
membranes begin to interdigitate with maternal folds. This interdigitation has been classified 
as villus by Ramsey (1982) and ruga by (Bjorkman and Dantzer, 1987). These structures 
advance from primary through secondary stages as gestation progresses and the maternal-
fetal interface increases in length. Primary rugae are evident as early as day 20 of gestation 
(Bjorkman and Dantzer, 1987) as the trophectoderm projects villi (trabeculae) into the 
endometrial grooves. Placental length (as measured between the necrotic tips of the 
chorioallantoic membrane) increases seven fold between days 20 and 30 of gestation, from 
7.3 cm to 49.6 cm when evaluated in mature gravid crossbred gilts of similar genetic 
background (Knight et al., 1977). The placenta continues to increase in length until day 60 
(Warwick, 1928; Pomeroy, 1960) or day 70 of gestation (Knight et al., 1977). Placental 
length continued to increase until day 70 when the placental length of recovered intact 
placentae measured 80 cm between necrotic tips. Placental length then remained relatively 
constant until day 110 of gestation (Knight et al., 1977). In concert with increased placental 
length, placental weight increases during gestation from less than 50 g on day 35 to 250 g 
on day 70. Additionally, placental weight then plateaued from day 70 of gestation until 
parturition, paralleling the cessation observed in placental length. Warwick (1928) noted that 
the increases in placental length preceded the increase in placental weight. 
Additionally, placental (chorioallantoic membrane) surface area (as measured by a 
planimeter) increased from 281.5 ± 18.0 cm- on day 35 of gestation up to 1055 ± 47 cm-
on day 70 (Knight et al., 1977). Placental surface area then remained relatively constant 
until day 100 of gestation (1058.7 ± 39.3 cm^). In contrast, Wigmore and Stickland (1985) 
noted that placental length remained unchanged from day 38 of gestation until day 108 in 
Large White x Landrace gilts. However, these researchers also noted that mean placental 
surface area increased three-fold from 225 cm- on day 40 of gestation to more than 1000 cm^ 
on day 108, as determined by an image analysis of the tracing of individual placental surface 
areas. Wigmore and Stickland (1985) theorized that although placental length decreased with 
an increasing fetal number in a uterine horn, placental surface area was able to increase due 
to increased interdigitation between the chorioallantoic membrane of the placentae and 
endometrium. In an interesting sidenote, these researchers found that in regions of the horn 
where a conceptus was reabsorbed, adjacent placentae appeared to expand into the vacated 
site. The longest intact placenta (72 cm) recovered in this study was noted to have occurred 
in such a region. 
Placental control of fetal growth 
The development of mechanisms for exchanging nutrients and waste products between 
the chorioallantoic membrane and its maternal environment are paramount for fetal survival. 
The relationship between placental size and fetal weight, throughout gestation, indicates the 
efficiency of the placenta to meet the demands placed upon it by growth of fetal tissue. The 
mechanisms which actively regulate these processes begin to develop with the outgrowth of 
the extra-embryonic membranes and the formation of the placenta (Bassett, 1991). 
Investigations in pigs (Warrick, 1927) and rabbits (Bruce and Abdul-Karim, 1973) 
illustrate that positive correlations between placental size and fetal weight exist throughout 
gestation, despite the dissimilar sizes and types of placentation. Warrick (1927) 
demonstrated positive correlations between fetal weight and the associated placental weight 
for 3967 conceptuses from 485 uterine horns recovered from gravid sows between day 20 
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and 110 of pregnancy. Conceptuses between 75 and 85 days of gestation had the lowest 
correlation (r = +.38) between placental size and fetal weight, while conceptuses between 
45 and 55 days recorded the highest correlation (r = +.59). Similar results were reported 
when gravid rabbit tracts were recovered between day 16 and day 30 (term=day 31) of 
gestation and the conceptuses weighed (Bruce and Abdul-Karim, 1973). Between day 16 and 
28 of gestation fetal weight increased 50-fold from .66 grams on day 16 to more than 34 
grams while placental weight (including decidua) increased from 2.87 grams to 6.08 grams. 
The fetal weight:placental weight ratio, an index of placental efficiency, increased from .23 
on day 16 to 5.65 on day 28 of gestation. 
Limit feeding in pregnant ewes has been shown to reduce both fetal and placental 
weight (Wallace 1948a; 1948b; 1948c). Interestingly, Mellor (1983) more recently 
demonstrated that the growth of the fetal lamb was limited by placental function during late 
gestation, regardless of the ewes' nutritional plane. When ewes were full fed, placental size 
increased through day 150 of gestation, but the increases in fetal weight were not 
significantly correlated with placental size. Mellor (1983) noted that an increase in the 
proportion of intercaruncular tissue (inactive tissues) must be responsible for the increase in 
weight for larger placentae as the number of caruncles and the placentomal (caruncle + 
cotyledon) weight was constant after day 90 of gestation. However, when ewes were 
moderately underfed between day 35 and day 142 of gestation, placental size appeared to 
limit fetal growth as placenta weight was positively correlated (r + .71) with fetal weight. 
Lambs gestated by moderately underfed compared to well fed ewes weighed 25% less when 
conceptuses were recovered at day 142 of gestation, 3800 grams compared to 4980 grams, 
respectively. 
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These results from Mellor (1983) conflict with the work of Foote et al. (1959) who 
noted similar fetal development even though placental size was reduced up to 25 % in gravid 
ewes either limit fed from mating through day 25 of gestation or from day 25 through day 
140 of gestation compared to full fed pregnant ewes when conceptuses were recovered at day 
140. Foote et al. (1959) theorized that when circulating nutrients were limited, a 
compensatory hypertrophy of the maternal caruncles in early pregnancy and fetal cotyledons 
during the later stages of gestation results in a more efficient extraction of nutrients to meet 
the increasing demands of a growing fetus. At 40 days of gestation, maternal caruncles were 
heavier in ewes changed from full feed to a limited ration at the time of breeding compared 
to ewes remaining on full feed. Additionally, at 140 days of gestation, ewes which were 
limit fed from day 25 through day 140 of gestation tended (P < .10) to have heavier fetal 
cotyledons than ewes on full feed during the same period, 327 grams vs 292 grams. This 
effect of maternal undernutrition during midpregnancy on increasing placental size (the 
weight of caruncular and cotyledonary tissue) was confirmed by Faichney and White (1987) 
and McCrabb et al. (1992). 
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CONCEPTUS GROWTH AND DEVELOPMENT 
The conceptus is comprised of two distinct components, the placenta and the fetus. 
The placenta evolves from extra embryonic tissues as discussed earlier while the inner cell 
mass differentiates into the entire fetus. The relationship between these two components is 
symbiotic as the growth and the development of the fetus depends on the placenta's ability 
to transport nutrients from the maternal to the fetal circulation and to remove fetal waste 
products. Additionally, the fetus and its placenta demonstrate two distinct developmental 
patterns during gestation. This section will therefore examine the growth patterns of the 
fetus and its placenta separately. 
Placenta 
The pig placenta is classified as adeciduate, diffuse and epitheliochorial as chorionic 
villi are distributed over the entire surface of the chorioallantoic membrane excluding the 
necrotic tips (Ramsey, 1982). These chorionic villi have also been classified as microscopic 
folds (rugae) by Bjorkman and Dantzer (1987). These researchers noted that the placenta 
develops irregular rugae after day 20 of gestation in the pig. These rugae develop into 
regular primary ruga which interdigitate into the macroscopic folds of the endometrium by 
day 35 of gestation in the pig. By the last third of gestation, the tips of the primary rugae 
have subdivided into additional folds - the secondary rugae (Bjorkman and Dantzer, 1987). 
These microscopic folds (primary and secondary rugae) increase the exchange area about 
four times. When the entire chorionic sac is spread out it measures approximately three 
times the length of the corresponding permanently folded endometrium (Bjorkman and 
Dantzer, 1987) as the trophoblast projects fingers (trabeculae) into the endometrium. 
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Additionally, the trophoblastic and uterine epithelial cells are provided with interdigitating 
microvilli that increase the area of exchange by a factor of 10 (Bjorkman and Dantzer, 
1987). 
This epitheliochorial placenta is comprised of six tissue layers: on the maternal side 
there is the capillary endothelium, connective tissues and the uterine epithelium while the 
fetal side maintains chorionic epithelium, connective tissue and capillary endothelium 
(Grosser, 1927). To facilitate exchange, the placental circulation frequently performs 
counter-current flow between the allantoic and uterine vessels (Faber and Thomburg, 1983; 
Bjorkman and Dantzer, 1987). The spatial arrangements of the maternal and fetal blood 
vessels allow nutrient and oxygen-depleted fetal blood flowing through fetal arteries to 
extract nutrients and oxygen from the nutrient-rich maternal venous blood through diffusion 
and active transport mechanisms. Additionally, this epitheliochorial placenta is termed 
adeciduate because the conceptus does not invade the maternal tissues during gestation 
leaving the uterine wall intact after the placenta is expelled following parturition. 
Placental size, as indicated by placental weight, increases rapidly during early 
gestation followed by a decline in the placental growth rate (Ferrell, 1989). Between 
species, patterns of placental development are markedly different. In the sheep and the goat, 
placental weight reaches a maximum during mid-gestation and then appears to decline (Bell, 
1984). Maximum placental size is reached slightly later for rodentia than for sheep and 
goats prior to declining in weight. Placental weight, however, continues to increase until 
term in man, the rhesus monkey and cattle (Dawes, 1968; Prior and Laster, 1979). 
Researchers studying the growth of the placenta in the pig have not agreed on this 
ephemeral organ's pattern of development. Placental size increases 8-fold in the pig from 
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= 25 g on day 30 of gestation up to a maximum wt of 200 gram at day 70 of gestation, or 
about 60% of gestation (Warwick, 1928), before placental size plateaus. These studies were 
confirmed by Knight et al. (1977) who noted that placental weight in the crossbred U.S. pig 
remained relatively constant after day 70 (235 grams) through day 100 (258 grams) of 
gestation. Knight et al. (1977) also documented similar placental surface areas which 
averaged 1055 cm^ during the last third of gestation. In contrast to the two aforementioned 
studies, Pomeroy (1960) demonstrated a marked increase in placental weight occurred 
between day 1(X) and day 110 of gestation in a population of European Large White pigs. 
Additionally, Wigmore and Stickland (1985) documented a progressive increase in placental 
surface area from days 70 (600 cm^) through 110 (1200 cm^) in European Large White x 
Landrace cross pigs. As could be expected, placental membrane weight varies markedly 
between different breeds of swine. Fahmy (1971) noted that placentae expelled after a 
normal farrowing from straight-bred Yorkshire and Berkshire females weighed markedly less 
than straight-bred Duroc placentae (214 g and 208 g vs 244 g, respectively). Additionally, 
Yorkshire females had an increased litter size compared to the Durocs, 10.1 vs 9.1, 
respectively. The litter size in Durocs and Berkshires was similar, however. 
In a comparison study between straight-bred and reciprocal crosses of Yorkshire and 
Ossabau swine (feral), both placental surface area and placental weights were significantly 
heavier when straight-bred conceptuses were recovered from Yorkshire compared to Ossabau 
uteri on day 75 of gestation (Gilbertson-Beadling et al., 1988). Placental surface areas were 
20% greater while placentae were 35% heavier when straight-bred conceptuses were 
recovered from Yorkshire vs Ossabau uteri, 1609 cm* and 400 grams vs 1260 cm^ and 260 
grams, respectively. Additionally, placental surface area of conceptuses recovered from 
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Yorkshire by Ossabau crosses (Yorkshire sire) were similar to straight-bred Yorkshire while 
Ossabau by Yorkshire conceptus' (Ossabau sire) placental surface area was sinular to 
straight-bred Ossabaus. 
As the pig has a diffuse placenta, this increase in placental surface area during 
gestation is associated with an increase in the area for fetal-maternal nutrient and waste 
exchange. Rathnasabapathy et al. (1956) observed an association between the body weight 
of fetuses and the uterine space that they occupied when pregnant Poland China sows were 
slaughtered on day 55 of gestation. The average fetal weight and uterine space occupied per 
fetus was 84 grams and 27.2 cm, respectively. Fetuses which occupied double the average 
uterine space had a weight 13% above the litter mean while fetuses with 13.6 cm of uterine 
space (half of the average) exhibited a marked decrease in fetal weight, which was 65 grams 
or 25 % below average. 
Fetal growth 
Among the first piglet birth weights recorded were from Long (1906) who noted that 
the average piglet weight from primiparous sow was 826 g (7.8 piglets/litter). Long's 
observation may have been the catalyst for an extensive evaluation of fetal (prenatal) piglet 
growth by Lowrey (1911). Lowrey (1911) obtained 20 litters from abattoirs in Chicago, 
Kansas City and Columbia, recording the crown-rump lengths (CRL) and fetal weights on 
fetal piglet in each litter. The youngest litter, estimated to be 23 days of age measured 15 
mm in CRL while the oldest fetuses averaged 262 mm CRL and weighed 728 grams were 
estimated to be in their last month of gestation (term according to Lowrey was day 112 of 
gestation). Based on the growth curve that was generated, Lowrey (1911) observed that the 
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most rapid growth occurred in the embryonic stages as the ovum increased from 3 ^g to a 
250-mg embryo in three weeks. 
Warwick (1928) further detailed fetal piglet development using Poland China, Duroc 
and Chester White sows slaughtered at known gestational dates. The fetuses recovered from 
these 43 gravid females formed the basis of fetal development curves that Warwick (1928) 
used when fetuses of unknown gestational age were recovered. Warwick (1928) documented 
that increases in CRL were linear from day 20 (25 mm) through day 114 of gestation (260 
mm). Additionally, fetal weights increased progressively from day 30 (1(X) grams) to day 
70 (200 grams). Increases in fetal weight were more dramatic between day 70 and day 110 
as fetal weights quadrupled from 200 grams to 800 grams, respectively. At birth, piglets 
averaged weighing 1150 grams. However, these birth weights and the piglet weights at day 
110 of gestation are hard to compare because of the CRL that Warwick (1928) used to 
estimate gestational age of piglets were derived from Duroc, Chester White and Poland hogs. 
Additionally, this researcher did not describe the population of sows that were allowed to 
farrow their piglets. Thus, the possibility exists that the body dimensions of the these 
females and thus their piglets were distinctly different than that of the Duroc, Chester White 
and Poland animals that were as a baseline for Warwick's (1928) slaughter data. 
Fetal weights were similar to placental weights between the 60"' and 70"" day of 
gestation (Warwick, 1928). Additionally, positive correlations (r = .50, P < .05) were 
documented between fetal weight and the weight of placental membranes, emphasizing the 
relationship between the growth of the placenta and its fetus prior to day 70 of gestation. 
While the fetus is accelerating its weight gains during the last half of gestation, the 
component parts of the fetus displayed differential growth patterns in Large White and Essex 
pigs (Pomeroy, 1960). While the length of skeletal bones (i.e., humerus, radius) was highly 
correlated (r = .75, P < .01) with gestation age (Ullrey et al., 1977) the weight of the 
skeleton increased at a slower rate than body weight between days 50 through 110 of 
gestation (Pomeroy, 1960). These data combine to indicate that the skeleton becomes a 
progressively smaller contributor to total carcass weight as gestation progresses. While 
similar increases in organ weight were observed for the heart, liver, lungs and trachea, 
kidney and spleen (Pomeroy, 1960; Flecknell et al., 1980; Ullrey et al., 1977), the relative 
per cent of body weight represented by these organs did not change during late gestation. 
In contrast to the allometric growth pattern exhibited by the other organs and the decreased 
growth rate displayed by the skeleton, the relative growth of the alimentary canal of the fetal 
pig increased 7-fold from day 74 to day 110 of gestation (Pomeroy, 1960). 
During the last half of gestation, small fetuses appeared to close the gap which existed 
between their weights and the weights of the larger fetuses in the same litter (Pomeroy, 
1960). While the weight of smallest fetus was only 37% of the largest fetus at 74 days of 
gestation, this difference was decreased to 56% by day 73. However, by day 108 to day 110 
of gestation, only a 10% difference existed between the weights of the largest and smallest 
fetuses (Pomeroy, 1960). 
As discussed earlier in placental development, marked differences were observed in 
fetal weights when pregnant straight-bred Ossabau and Yorkshire females and their reciprocal 
crosses were slaughtered at day 75 of gestation (Gilbertson-Beadling et al., 1988). Straight-
bred Yorkshire fetuses were nearly 60% heavier that straight-bred Ossabau fetuses, 362 
grams vs 230 grams. Of particular interest was the indication that any conceptus sired by 
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an Ossabau boar was significantly smaller than conceptuses sired by a Yorkshire boar, 234 
± 15 grams vs 343 ± 20 grams, regardless of uterine environment. 
This difference in fetal weights was also observed at day ICQ of gestation when 
pregnant females from straight-bred lines and reciprocal crosses of lean and obese swine 
were slaughtered (Stone et al., 1985). These researchers utilized Yorkshire and Durocs that 
were reciprocally crossed after selection for either decreased or increased back fat depth for 
at least 16 generations. In this study, fetuses sired by lean line boars were heavier (P < 
.05) than fetuses sired by obese line boars, regardless of the uterine environment, 1082 ± 
73 grams versus 888 ± 62 grams, respectively. Interestingly, Stone et al. (1985) noted that 
the neonatal survival was =20% higher in both the obese line and feral line swine compared 
to control breeds. These researchers hypothesized that both the obese and feral swine had 
a greater survivability during the first week of life because they were better able to 
thermoregulate than were the control pigs. They indicated that the control compared to 
obese or feral piglets spent more time at the sow's udder nursing and were more likely to 
be laid on during the first seven days after farrowing. 
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U.S. PIG BREEDS AND THE CfflNESE MEISHAN PIG: 
DISTINCTIVE DIFFERENCES 
It has been well documented that the ovulation rate of U.S. pig breeds exceeds 18 ova 
and the number of functional teats is at least 12. However, the number of live bom pigs 
farrowed by sows (2,757,000 litters, 1996; 2,702,000 litters, 1997; projected 2,898,000 
litters; NASS, 1998) in commercial pork production units in the U.S. averages «10 (Bache 
and Foster, 1992; NASS, 1998) indicating that litter size is not optimal. Litters produced 
by these U.S. commercial sows are normally crossbred pigs and display maximum heterosis. 
The influence of crossbreeding in pigs has been docurnented as early as 1903 when Darwin 
noted that crossbreeding increased reproductive efficiency in a sow by 300% compared to 
inbreeding (line breeding). Darwin (1903) noted that a white colored gilt farrowed 6 piglets 
after being serviced by a littermate to her dam. However, when that same female was bred 
to a smaller, black boar a litter size of 18 resulted. 
Unfortunately, the litter size of the crossbred U.S. pig in the 1990s (i.e., 10 piglets) 
is similar to the litter size which was reported for straight-bred Duroc sows (21,652 litters, 
200,574 piglets, 9.25 piglets per litter average) by Rommel (1906). Additionally, Wallace 
(1906) stated that sows (Large White, Lincolnshire Curley Coated and Large Black breeds) 
in Great Britain were raising 10-12 piglets per litter. Thus, although members of the 
National Pork Producers Association consistently rank litter size as one of their top five 
goals, litter size appears to have remained relatively unchanged for the last 85 years. 
This apparent limitation of litter size in the pig has spurred researchers to manipulate 
the number of embryos present during early gestation in attempts to increase the number of 
live bom piglets at term (term = =114 days). Both superfetation and superovulation 
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(Dzuik, 1968; Pope et al., 1972) were found to increase the number of viable conceptuses 
surviving to day 30 of gestation when compared to untreated animals. However, at 
farrowing, litter size was similar between the groups. Additionally, efforts by Johnson 
(personal communication, 1997) to increase litter size by selection of females based on 
ovulation rate has only increased the number of stillborn piglets while failing to alter the 
number of live bom piglets. The failure of these studies to shed light into the controls of 
litter size was the impetus behind the importation of the prolific Chinese Meishan pig into 
the United States. The following section will discuss the comparative research on the 
reproductive physiology of the Meishan and U.S. or European pig breeds. 
The Meishan pig 
The Meishan pig, a member of the Taihu pigs, is one of 48 native breeds found in 
the People's Republic of China and is considered to be the most prolific breeds in China 
(Yun, 1988). Litter size in the Taihu sows averages 2.8 more piglets than the other native 
breeds of China. The Taihu pigs, consisting of four major (Eurhualian, Fegjin, Meishan and 
Jiaxiang Black) and three minor (Hengjing, Mu and Shuwato) breeds, are found in the lower 
Changjing River Basin in the Taihu region of the Yangtzee River northwest of Shanghai. 
Additionally, the Taihu pigs are known to farrow 4 more live piglets than Large White 
females and 6 more than Spots, Chester Whites, Berkshires, Durocs and Hampshires (Jin et 
al., 1992). The large litter size in Taihu pigs may be related to the long-time selection based 
on teat number (16.8 ± 1.2) practiced by Chinese farmers (Jin et al., 1992). Jin et al. 
(1992) noted that females were selected that had a high teat number while boars with few 
blind teats were retained by Chinese farmers. These researchers noted that this may have 
been an indirect method of improving reproductive performance. Chinese farmers may also 
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have selected females which farrowed and raised the most piglets and the selection for an 
increased number of teats may have been an indirect selection criterion. 
The most recent importation of Chinese pigs into Europe, Great Britain and the 
United States was not the first time that western civilization has tried to use Meishan 
genetics. Cheng (1983) noted that the importation of Chinese breeds in the 19"* century had 
increased the prolificacy of European pig breeds such as the Large White. Additionally, 
Meishan pigs were used to improve other aspects of occidental pork production. In 1842 
Professor David Law wrote "The Berkshire breed, has like every other, been crossed and 
recrossed with Chinese and Chinese crosses, so as to lessen the size of the animals and 
render them suited to the demand which has arisen for small and delicate pork" (Plumb, 
1906). 
The Chinese pig reaches puberty at a markedly earlier age than occidental pigs, =90 
days versus = 180 days (Bazer et al., 1988; Jin et al., 1992). At 30 days of age, primary 
follicles are visible on the ovary of Meishan females, followed by antral (graffian) follicles 
at 60 days of age (Cheng, 1983). The first estrus may be expressed when the body weight 
of these precocious females is between 25 and 26 kg. This early puberty and increasing 
ovulation rate with age (Christenson, 1993; Haley et al., 1995) were hypothesized to be 
associated with the increased prolificacy of the Meishan pig. Additionally, the Meishan pig 
was believed to have an increased prenatal survival of fetuses for a given ovulation rate 
(Ashworth et al., 1990; Hunter et al., 1994; Lee et al., 1995). 
Thus, an understanding of the physiological basis of the Meishan pig's fecundity and 
the implementation of those processes were theorized to be the key to increasing litter size 
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in the occidental pig. However, early research was contradictory and stifled progressive 
efforts towards the processes utilized by Meishans in optimizing litter size. 
Sellier and Legault (1986) first reported that the Meishan females' high prolificacy 
compared to Large White females was not due to differences in ovulation rate but rather to 
the reduction in embryonic mortality. To compare conceptus development in Meishan and 
Yorkshire females, Bazer et al. (1988) collected conceptuses from pregnant Meishan and 
Large White females on days 8, 10, 11, 12, 14 and 30 of gestation. Conceptuses were 30% 
smaller in diameter when collected from Meishan compared to Yorkshire uteri on day 8 of 
gestation. This portion of the study may have been confounded by the 12-hour difference 
in insemination time for females from these two distinctly different breeds based on 
unpublished observations that Meishan females ovulated at a later time during estrus than 
females from occidental breeds. Meishan females were inseminated at 24 and 36 hours 
while Large White females were inseminated at 12 and 24 hours after the onset of estrus. 
However, by day 11 of gestation, Bazer et al. (1988) reported Meishan conceptuses were 
nearly twice as large (5.3 vs 2.7 mm) as Large White conceptuses. 
These inconsistent size differences of Meishan and Yorkshire conceptuses during early 
gestation were contradictory to studies by Youngs et al. (1993). These researchers failed to 
detect a difference in the interval between first exhibition of estrus and ovulation time 
between these two breeds housed on the same research facility. Further, Youngs et al. 
(1993) found that the number of ovulations and the percentage of embryos recovered from 
the pregnant Meishan and Yorkshire females were similar at 48 to 54 hours after the first 
detection of estrus. Additionally, the range of the number of cells from the recovered 
embryos was also similar and ranged from one to eight for both breeds. 
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These researchers cultured both Meishan and Yorkshire 2,5 day embryos to further 
study early embryonic development. Early Meishan embryos (1- to 3-cell) took 8.8 hours 
longer to cleave from the 4-cell to 8-cell stages than similar stage Yorkshire embryos 
(Youngs et al., 1993). Interestingly, early blastocysts from Meishans compared to Yorkshire 
gilts contained fewer ( P < .06) cells, 36.3 versus 44.5, respectively. 
Meishan conceptuses were markedly smaller and contained less DNA per embryo 
(^g/embryo) than similar staged conceptuses from U.S. pig breeds when recovered at day 
12 of gestation, 4.3 mm and 2.4 fig versus 6.9 mm and 4.7 /ig, respectively (Anderson et 
al., 1993). Additionally, the range of diameters (1 to 10 mm) for Meishan and Yorkshire 
conceptuses was similar. In contrast to the difference in embryonic size documented between 
Meishan and crossbred conceptuses in this study, no difference was observed for the number 
of conceptuses recovered on day 12. This study confirmed the observations that the number 
of preimplantation embryos was similar between Meishan and white composite sows as 
reported by Youngs et al. (1993). Additionally, the work by Anderson et al. (1993) noted 
that embryonic estradiol concentrations were similar between Meishan and crossbred 
conceptuses that measured less than 5 mm in diameter. However, as embryonic diameter 
increased beyond 6 mm, embryos from Meishan sows contained significantly less estradiol 
than embryos recovered from white composite sows. Similarly, estradiol concentration in 
the uterine flushings from Meishans was markedly reduced compared to that of crossbred 
sows. 
The smaller diameter of Meishan compared to White Line conceptuses may result 
from a decreased number of trophectoderm cells for the Meishan conceptus. Additionally, 
the decreased concentration of estradiol in Meishan uterine flushings may also be associated 
with the reduction in trophectoderm cell number as estradiol is known to be synthesized by 
porcine trophectoderm cells (Conley et al., 1994). 
Markedly smaller numbers of trophectoderm cells were observed in Meishan versus 
Yorkshire preimplantation conceptuses as early as day 5 of gestation (Rivera et al., 1996). 
Further, Wilson and Ford (1997) determined that this reduction in trophectoderm cell number 
was shown to result from a slower mitotic rate for the Meishan versus Yorkshire 
trophectoderm cells for similar stage embryos. Mitotic rate of the trophectoderm cells was 
determined by staining day 12 trophectoderm cells from Meishan and Yorkshire conceptuses 
with Proliferating Cell Nuclear Antigen (PCNA). (PCNA labels proliferating cells 
throughout the S phase as the concentration of DNA increases). Furthermore, Meishan 
conceptuses at this stage were shown to produce and secrete less estradiol into the uterine 
lumenal fluid than similar stage Yorkshire conceptuses. This reduction in estradiol synthesis 
by Meishan conceptuses may be associated with fewer trophectoderm cells as P450 17a 
hydroxylase/17-20 lyase has been localized exclusively to trophectoderm cells (Conley et al., 
1994). The P45017a hydroxylase/17-20 lyase enzyme has been closely related with estradiol 
production in pig conceptuses (Conley et al., 1992). 
Embryonic survival as determined by the number of viable embryos divided by the 
number of corpora lutea was 10% greater in Meishan compared to Yorkshire uteri by day 
21 of gestation (Galvin et al., 1993). Increased embryonic survival in Meishan compared 
to Large White X Landrace uteri was also noted by Bazer et al. (1988) and Sellier and 
Legault (1986) at day 30 of gestation. Additionally, both embryonic and placental weights 
tended to be reduced when conceptuses were recovered from Meishan versus Large White 
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uteri. Interestingly, these researchers noted that embryonic weight increased as the spacing 
between attachment sites also increased. 
The same trend towards reduced size of Meishan versus Yorkshire conceptuses which 
was observed through day 21 was also described at day 30 of gestation (Ashworth et al., 
1990; 1992; Hunter et al., 1994). Longer, heavier placentae from Large White uteri 
contained more (33%, P < .05)) chorioallantoic fluid than placentae from Meishan uteri 
(Hunter et al,, 1994). Additionally, Hunter et al. (1994) noted that the estradiol 
concentration of chorioallantoic fluid was four-fold greater for conceptuses recovered from 
Large White hybrid versus Meishan uteri, 5.05 vs 1.4 ng/mL"', respectively. The 
chorioallantoic membranes for the Large White X Landrace compared to Meishan 
conceptuses also secreted more estradiol into the medium during culture. Hunter et al. 
(1994) attributed the increased estradiol concentrations in the chorioallantoic fluid and culture 
medium of Large White conceptuses to increased steroidogenic activity, particularly 
aromatase activity (the enzyme which converts testosterone to estradiol; Hadley, 1988). 
However, the progesterone concentration of chorioallantoic fluid were similar for Meishan 
and Large White hybrid conceptuses. While no differences were observed in the estradiol 
concentration of maternal serum, gravid Meishans tended to have elevated progesterone 
concentrations compared to pregnant Large White hybrid females between days 16 and 30 
of gestation (Hunter et al., 1994). These observed differences between conceptus and 
maternal steroid concentrations indicated that the placenta might be involved in intra-uterine 
steroidogenesis. This study which documents both smaller placentae and a reduction in 
estradiol concentration for Meishan versus white composite conceptuses at day 30 of 
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gestation lends credence to Rivera's (1996) observation that reduction in trophectoderm cell 
number early during gestation may lead to a reduction in placental size during later gestation. 
These marked differences in conceptus size which are recorded throughout gestation 
for Meishan compared to White Line conceptuses are also observed at parturition. At term 
(term = = 114 days) Meishan piglets weigh 20% less than piglets farrowed by occidental 
sows (Lee and Haley, 1995; Lee et al., 1995; Haley et al., 1995; Sellier and Legault, 1986; 
Jin et al., 1992). However, researchers in both Europe and the U. S. have indicated the 
existence of both a uterine environmental effect and embryonic genotype effect. Therefore, 
the next section will address conceptus growth following embryo transfer. 
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UTERINE ENVIRONMENT OR FETAL GENOTYPE 
A reciprocal embryo transfer was conducted between Meishan and Yorkshire females 
to differentiate between the effects of the uterine environment and fetal genotype on 
conceptus development (Youngs et al., 1994). Embryos were transferred at day 2-post 
conception and recovered on day 12 of gestation. Embryos, regardless of genotype, were 
smaller (P < .001) in diameter when recovered from Meishan compared to Yorkshire uteri, 
and as could be expected, had less DNA and protein. Additionally, the concentration of 
estradiol (pg/mg of DNA) for embryos recovered from Meishan uteri was less than half that 
of the estradiol concentrations recorded for embryos recovered from Yorkshire uteri (112 
vs 235, respectively). Additionally, the concentration (pg/ml) of estradiol in the uterine 
flushings from Meishan was one-fourth of that found in Yorkshires, 286 versus 1337, 
respectively (Youngs et al., 1994). Further, the estradiol concentration in uterine flushings 
was highly correlated with the estradiol concentrations of the conceptuses, either per unit of 
diameter (r = +.88) or DNA (r = +.65). However, Yorkshire embryos contained more 
cells than Meishan embryos, regardless of the uterine type in which they were gestated. 
DNA (jig) content of day 12 Yorkshire embryos averaged 15.7 compared to 9.6 for Meishan 
embryos (Youngs et al., 1994). 
This greater inhibitory influence of the Meishan versus U.S. or European pig breeds 
uterine type was also observed at day 30 of gestation by Ashworth et al. (1990). These 
researchers had conducted reciprocal transfers between Meishan and Large White X 
Landrace hybrid females at day 4 or 5 of gestation and recovered the conceptuses at day 30 
of gestation. Both Meishan and Large White x Landrace conceptuses weighed less when 
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recovered from Meishan compared to Yorkshire uteri (.76 and 1.06 g versus .96 and 1.67 
grams, respectively). Additionally, regardless of the uterine type in which conceptuses were 
gestated, a fetal genotype effect was evident as Large White X Landrace conceptuses were 
always heavier than Meishans, 1.36 compared to .86 grams, respectively. 
As late as day 90 of gestation, the powerful inhibitory effect of Meishan uteri was 
still evident (Wilson et al., 1998) when Meishan and Yorkshire conceptuses were co-
transferred to either Meishan or Yorkshire uteri. Meishan and Yorkshire conceptuses' fetal 
weight continued to be lighter (40%, P < .05) and fetal crown rump length was shorter 
(15%, P < .05) for fetuses, regardless of fetal genotype, when recovered from Meishan as 
compared to Yorkshire uteri. Additionally, Wilson et al. (1998) noted that Meishan fetuses 
weighed less (P < .05) than their Yorkshire littermates when co-gestating in Yorkshire uteri, 
513 grams versus 615 grams, respectively. Interestingly, placental weights were similar for 
Meishan and Yorkshire littermates co-gestating in Yorkshire uteri, averaging 207 grams and 
these placentae were 33 % heavier than the placentae recovered from Meishan uteri which 
averaged 145 grams. 
However, when Yorkshire recipient females carrying both Meishan and Yorkshire 
conceptuses were allowed to farrow, the birth weight of littermate Meishan and Yorkshire 
piglets was similar and averaged 1.22 kg (Wilson et al., 1998). Interestingly, the placentae 
attached to Meishan fetuses remained markedly smaller as the Meishan placentae weighed 
203 grams compared to 338 grams for Yorkshire placentae at term. It was further 
determined in this study that while Meishan placentae did not appear to increase in weight 
between day 90 and term, Yorkshire placental weight increased 70% (215 versus 338 grams, 
respectively). Additionally, at placental expulsion, these researchers observed two distinct 
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different types of placentae, either large and blanched or small and vascular. By tagging the 
umbilical cord at parturition to match individual piglets with their placentae, these 
researchers determined that the large, blanched placentae were matched exclusively to 
Yorkshire piglets while the small, redder placentae were matched to Meishan piglets. A 
section of the chorioallantoic membrane from each placentae was fixed and paraffin-
embedded. Five-micron sections from each tissue block were stained with periodic acid and 
Schiffs reagent to visualize placental blood vessels. Micrographs of each stained 
chorioallantoic membrane were evaluated by an image analysis system for the placental area 
and placental blood vessel area allowing placental vascular density to be determined. 
Vascular density in expelled Meishan compared to Yorkshire placentae was almost three-fold 
greater, 11% and 4%, respectively. 
The uterine environment is known to modulate conceptus growth. These studies, 
however, combine to indicate that the Meishan uterine environment has a more powerful 
inhibitory influence on conceptus growth than uteri from U.S. or European pig breeds. 
Thus, it appears that the uterine type dictates the size a conceptus can achieve by day 90 of 
gestation. However, during late gestation fetal genotype-specific mechanisms such as 
increasing placental size (Yorkshire) or increasing placental vascular density (Meishan) are 
activated. The activation of these fetal genotype-specific mechanisms appears to override 
the inhibitory influence of the uterine type in an attempt to maintain maximum nutrient 
delivery to support fast growing fetuses. 
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STATEMENT OF PROBLEM 
Sows from U.S. pig breeds ovulate at least 16 ova per estrus and have 12-14 
functional teats, yet the average litter size is = 10 piglets (Bache and Foster, 1992; NASS, 
1998). However, as early as the turn of the century Rommel (1906) reported straight bred 
Duroc sows farrowed litters averaging 9.25 piglets. The apparent inability to increase litter 
size has led members of the National Pork Producers Association to consistently rank 
increasing litter size as one of their top five goals. Experimental procedures such as 
superovulation and superfetation (Dziuk, 1968; Pope et al., 1972) artificially increased the 
number of embryos present at day 30 of gestation. However, when the sows were allowed 
to farrow, litter size was similar to untreated control sows. This inability to increase the 
number of pigs farrowed per female ultimately led to the importation of the prolific Chinese 
Meishan pig into the United States in the late 1980s. 
The Chinese Meishan pig farrows three to five more piglets per litter than sows from 
U.S. pig breeds (Jin et al., 1992) even though ovulation rate (Youngs et al., 1993; 
Christenson, 1993) and uterine horn length (Lee et al., 1995; Bazer et al., 1988) are similar. 
Data suggested that the increased litter size of Meishan sows compared to sows from U.S. 
or European pig breeds was due to increased prenatal survival (Haley et al., 1995). 
Early studies demonstrated that both the interval from the onset of estrus to ovulation 
and the number of ovulations were similar for gilts of both Meishan and U.S. pig breeds 
(Youngs et al., 1993). Further, it was reported that preimplantation Meishan conceptuses 
were smaller than similar stage conceptuses from U.S. pig breeds (Anderson et al., 1993). 
This difference in conceptus size at the same developmental stage was due exclusively to 
reduced number of trophectoderm cells at equivalent numbers of inner cell mass cells for 
Meishan compared to Yorkshire conceptuses on day 5 (Rivera et al., 1996) and day 12 
(Wilson and Ford, 1997) of gestation. 
By using reciprocal embryo transfers between Meishan and White composite females 
(Yorkshire or Large White crosses) it was determined that conceptuses, regardless of fetal 
genotype, were smaller when recovered from Meishan than when recovered from uteri of 
White composite females through day 90 of gestation (Wilson et al., 1998; Youngs et al., 
1994; Galvin et al., 1993; Ashworth et al., 1990). These data are consistent with the 
presence of a powerful inhibitory influence of the Meishan uterus on conceptus development. 
Additionally, a fetal genotype effect was observed as White composite conceptuses 
were larger than Meishan conceptuses, when recovered from uteri of the White composite 
compared to Meishan females through day 90 of gestation (Wilson et al., 1998; Youngs et 
al., 1993; Ashworth et al., 1990). However, when Yorkshire recipient females gestating 
Meishan and Yorkshire conceptuses were allowed to farrow, the birth weights of the 
littermate Meishan and Yorkshire piglets were similar due exclusively to the increased weight 
of Meishan littermates (Wilson et al., 1998). Surprisingly, Meishan placentae were 
markedly smaller than those of their Yorkshire littermates and similar in weight to Meishan 
placentae at day 90 of gestation. In contrast, the term Yorkshire placentae were 70% 
heavier than the day 90 Yorkshire placentae collected in other studies. Interestingly, the 
vascular density of the Meishan placenta was markedly greater than that of the Yorkshire 
placenta which was blanched in appearance (Wilson et al., 1998). 
Therefore, the focus of this research is to determine more fully on the interaction 
between uterine type and fetal genotype on conceptus development during late gestation in 
the pig. Additionally, the breed-specific mechanisms utilized by the Meishan conceptus and 
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uterus which limit conceptus growth, yet optimizes placental efficiency, will be compared 
to that of conceptuses from U.S. pig breeds. By determining and comparing the breed-
specific mechanisms regulating conceptus growth and survival we hope to gain insight into 
the factors limiting litter size in the U.S. 
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THE IMPACT OF EITHER A MEISHAN OR YORKSHIRE UTERUS ON 
MEISHAN OR YORKSHIRE FETAL AND PLACENTAL 
DEVELOPMENT TO DAYS 70, 90 AND 110 OF GESTATION 
A manuscript accepted for publication by the Journal of Animal Science 
Nina J. Biensen, Matthew E. Wilson, and Stephen P. Ford 
ABSTRACT: Straight-bred Yorkshire (Y) conceptuses are larger than straight-bred Meishan 
(M) conceptuses throughout gestation and at farrowing. In contrast, when Y and M 
conceptuses were gestated together in Y recipient females, the birth weight of M pigs was 
similar to that of their Y littermates. Although placentae of M pigs remained markedly 
smaller than placentae of Y littermates, they were significantly more vascular. The objective 
of this study was to compare and contrast the changes in Y and M conceptus growth and 
placental-endometrial vascularity throughout late gestation in Y or M uteri. Gravid uteri 
were recovered at slaughter from M and Y females gestating either M or Y conceptuses on 
d 70, 90, or 110 of gestation. Uterine and conceptus measurements were recorded, and a 
section of the intact endometrial-placental attachment site for each conceptus was fixed, 
embedded, and later evaluated for placental and endometrial vascular density. Placental 
surface area and weight were greater {P < .001) when M or Y conceptuses were recovered 
from Y uteri as compared to M uteri on each day of gestation examined. Further, by d 110, 
the surface area of Y placentae was greater {P < .001) than that of M placentae, regardless 
of uterine type in which they were gestated. The vascular density of M placentae and 
adjacent endometrium doubled {P < .05) between d 70 and 110 of gestation (3.0 and 2.5 
vs 6.0 and 5.1%, respectively), with no significant increase in placental surface area. In 
contrast, the surface area of Y placentae doubled in size {P < .001) between d 90 and 110 
of gestation but placental and adjacent endometrial vascular density remained relatively 
constant averaging 3.2 and 3.8%, respectively. These data are consistent with the premise 
that placental size is largely determined by the uterus in which a conceptus is gestated until 
»d 90. After d 90, fetal breed-specific mechanisms maintain optimal fetal growth. 
Between d 90 and term, M fetal growth depends on progressive increases in placental blood 
vessel density, and requires no increase in placental size. In contrast, Y conceptuses seem 
to rely exclusively on placental growth to increase placental-endometrial surface area for 
nutrient exchange. 
Key Words: Pig, Meishan, Placental Vascular Development, Fetal Growth, Late Gestation 
Introduction 
Chinese Meishan pigs farrow 11 to 13 pigs per litter, compared with 7 to 9 pigs 
fanowed by U.S. and European pig breeds (Jin et al., 1992), even though Meishans have 
the same ovulation rate (Bidanel et al., 1990) and uterine size (Lee et al., 1995). Previous 
studies have demonstrated that Meishan conceptuses were smaller than conceptuses from 
European pig breeds (Ashworth et al., 1990; Hunter et al., 1994) and American pig breeds 
(Ford and Youngs, 1993; Wilson et al., 1998a) throughout gestation and at farrowing; thus, 
each conceptus must occupy less of the relatively fixed uterine capacity. However, when 
co-transferred Meishan and Yorkshire embryos were gestated and farrowed by Yorkshire 
recipient females, all pigs exhibited similar birth weights due exclusively to an increased 
growth rate of Meishan littermates. In contrast, Meishan placentae were smaller and much 
more vascular than the placentae of their Yorkshire littermates (Wilson et al., 1998a). The 
decreased size and markedly increased vascularity of Meishan, compared with littermate 
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Yorkshire, placentae may be an alternative strategy for facilitating adequate nutrient uptake 
during the last month of gestation. 
Because pigs have diffuse type placentae, nutrient uptake by pig conceptuses is 
generally considered to be dependent on placental size, which affects the surface area in 
contact with the endometrium (Friess et al., 1980; Dantzer, 1982; Leiser and Dantzer, 
1988). Apposition of the fetal membranes with the endometrium in pigs begins on d 13 to 
14 of gestation. The chorioallantois interdigitates with macroscopic endometrial folds, along 
which microscopic folds (primary rugae) ultimately develop at the conceptus-matemal 
interface (Bjorkmann and Dantzer, 1987). Development of even smaller folds (secondary 
rugae) during the final third of gestation is presumed to facilitate the nutrient transport 
required to meet fetal demands at this time. 
Therefore, the objective of this study was to characterize and compare the impact(s) 
of Meishan and Yorkshire uterine environm.ents and fetal genotypes on placental and fetal 
growth during late gestation. 
Materials and Methods 
Animals 
Meishan and Yorkshire gilts were checked for estrus twice daily at 0800 and 1600. 
Donor gilts used for the reciprocal embryo transfer study were handmated to boars of their 
own breed at the onset of estrus (d = 0) and again 12 h later, but recipient gilts were not 
mated. Yorkshire recipient gilts (n = 6) received embryos only from Meishan donors, and 
Meishan recipient females (n = 6) received embryos only from Yorkshire donors. An 
additional group of Meishan (n = 6) and Yorkshire (n = 6) females were handmated to 
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boars of their respective breed and allowed to gestate their own conceptuses. Previous data 
from our laboratory did not reveal any differences in fetal or placental size or weight, 
whether gilts were naturally mated, or received transferred embryos on d 2 (S. P. Ford, 
unpublished observations). 
Embryo Transfer 
Embryos were collected via midventral laparotomy at 48 to 54 h after the onset of 
estrus as previously described (Youngs et al., 1994), with the minor modification that 
Yorkshire gilts were initially sedated with thiopental sodium (i.v.; 9.6 mg/kg BW; Pentothal, 
Abbott Laboratories, North Chicago, IL). The embryos were surgically flushed from both 
oviducts of each donor female exactly as previously described (Youngs et al., 1994). The 
number of embryos recovered was similar for Meishan (15.8 ± 1.3) and Yorkshire (15.6 
± 2.2) donor females. One half of the embryos collected from each donor female were 
transferred surgically to each oviduct of a synchronous recipient gilt. 
Gravid Uteri 
Two females representing each of the maternal x conceptus breed groups (Meishan 
females carrying either Meishan or Yorkshire conceptuses and Yorkshire females carrying 
either Yorkshire or Meishan conceptuses) were slaughtered on d 70, 90, or 110 of gestation. 
Gravid uteri were recovered immediately following slaughter and transported within 10 min 
to the laboratory for further processing. 
At the laboratory, the mesometrial connection to each uterine horn was severed, and 
each uterine horn was dissected free of the cervix after ligating the base of the horn to 
prevent loss of fluid or conceptuses. Each intact uterine horn was weighed, and its volume 
calculated by measuring the amount of water displaced after submersion in a calibrated 
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container. The length of each intact hom was then determined by measuring along the 
antimesometrial border from the tip to the base of the hom. Chorioallantoic fluid was 
collected from each conceptus through an incision in the uterine wall on the antimesometrial 
border, and its volume was recorded. An aliquot of chorioallantoic fluid was immediately 
frozen on dry ice and stored at -20EC for later quantification of estradiol-176 (E26; see 
Assay Methodology). The umbilical cord of each fetus was then double ligated and tagged 
as to the hom and fetal position within the hom. The umbilical cord was then cut between 
the ligations so that each fetus and its placenta could be matched later. Each fetus was sexed 
and weighed, and its crown-mmp length (CRL) was measured. 
Each uterine hom was then opened from the tip to the base along its antimesometrial 
border and allowed to lay out flat on a beeswax-paraffm dissecting board. A (2 cm x 3 cm) 
section of each fetal-matemal interface (including myometrium, endometrium, and 
chorioallantoic membranes) located =4 cm from the umbilical cord was collected, placed 
immediately in a tissue cassette (Tissue Tek, Miles Inc., Elkhart, IN), and fixed for later 
histological examination (see Assay Methodology). 
After marking the endometrial location of both ends of each placenta with a dissecting 
pin, each placenta was separated from the endometrium so that the entire placenta was 
recovered intact. The length of each implantation site, as well as spaces at the tip and base 
of the hom and between adjacent implantation sites, were measured. Individual placentae 
were weighed and the functional tissue length between the necrotic tips was measured. Each 
placenta was then spread out on wax ("butcher's") paper, and its perimeter was outlined with 
a marking pen. A planimeter (Compensating Polar Planimeter, Keufel and Esser Co., New 
York, NY) was used later to determine each placenta's surface area. 
Assay Methodology 
Estrogen. Estradiol-17B concentrations in chorioallantoic fluid were quantified 
exactly as previously described (Anderson et al., 1993) using the same fully characterized 
antibody. Assay sensitivity, determined by the amount of steroid yielding 95 % of the counts 
in the buffer control, was 2 pg/tube. To determine the inter- and intraassay CV, multiple 
aliquots of a pool of chorioallantoic fluid were included in all assays (n = 12); the CV 
averaged 10.3 and 4.2%, respectively. 
Histology. Utero-placental tissues were fixed and embedded using procedures 
previously established in our laboratory (Wilson and Ford, 1997) with the exception that 
each sample was trimmed prior to the final rinse in 100% ethanol. Five micron sections 
were cut perpendicular to the utero-placental interface. Sections were then stained with the 
periodic acid-Schiffs reagent method followed briefly with hematoxylin counterstaining 
(U.S. Armed Forces Institute of Pathology, 1960) for visualization of the area of contact 
between the endometrium and the chorioallantoic membranes. 
Image Analysis. A single image of each of three separate microscopic fields located 
longitudinally along each of the chorioallantoic-endometrial contact areas of one section was 
televised onto a Sony color video monitor (Sony Electronics, New York, NY) via a Sony Iris 
RBG color video camera mounted on a Leitz Orthoplan microscope (E. Leitz Inc., 
Rockleigh, NJ). Primary rugae were located under low power (Figure la), and the field was 
then magnified (Figure lb) to better visualize the secondary rugae at the fetal-maternal 
interface. The area occupied by the placental and endometrial tissues, the number of 
secondary rugae and the line of demarcation between the chorionic epithelium and uterine 
luminal epithelium were traced onto acetate sheets, representing 1.6 x 1.4 mm of tissue. 
Figure 1. Area of contact between the placenta and uterine wall visualized under a) low power depicting a primary ruga 
(bar represents 300 fim), and b) high power depicting secondary rugae within the area indicated (bar represents 50 /xm). 
Even though all placental blood vessels were traced, only endometrial vessels occupying 
the area between the endometrial glands and the convoluted line of demarcation between the 
placental and maternal membranes were drawn. This image (Figure lb; 125 x) was 
evaluated with an image analysis system (Bioquant, Nashville, TN) for the percent placental 
vascular density (placental blood vessel area/placental area), the percent endometrial vascular 
density (endometrial blood vessel area/endometrial area), and the relative increase in the 
surface area of exchange resulting from the development of secondary rugae (the length of 
the convoluted line of demarcation/the length of the field). 
Statistics 
The GLM procedure of SAS (1985) was used for analysis of the main effects of 
uterine breed, fetal breed, and day of gestation and their interactions on uterine and fetal 
variables, and the relative surface area for exchange resulting from secondary rugae. Mean 
comparisons were performed using LSMEANS (SAS, 1985) with results presented as means 
± SEM. Due to missing values and heterogeneity of variance for placental and endometrial 
vascular density, effects of days within fetal breeds and fetal breeds within days were 
evaluated with the Wilcoxon signed ranks test (SAS, 1985). When mean score and chi 
square distributions differed, Kruskal-Wallis multiple comparison tests were performed 
(Siegel and Castellan, 1988). 
Results 
The number of viable conceptuses per female averaged 9.8 ± 1.0 and was unaffected 
by fetal breed, uterine breed, or day. Further, there was no apparent difference between the 
number of viable conceptuses in uteri of embryo transfer recipients and that of naturally 
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serviced females. Neither the number, sex, nor position of the conceptuses within a uterine 
horn affected fetal or placental weights or sizes. Additionally, neither the number, sex, nor 
position of conceptuses affected placental or endometrial vascular density. 
Placental surface area and placental weight were markedly greater ( = 35 and 40%, 
respectively; P < .001) when Meishan or Yorkshire conceptuses were recovered from 
Yorkshire uteri, compared with Meishan uteri on each day of gestation examined. 
Additionally, Meishan and Yorkshire fetuses were substantially (more than 20%) heavier 
when recovered from Yorkshire uteri than from Meishan uteri on each day of gestation. 
Fetal breed-specific changes in total placental surface area, placental weight, and 
placental length were also observed from d 70 to 110. Placental surface area remained 
relatively constant during the last third of gestation for Meishan conceptuses regardless of 
the uterine environment in which they gestated (Figure 2a). In contrast, even though 
placental surface area of Yorkshire conceptuses remained fairly constant and similar to 
Meishan conceptuses from d 70 to 90 of gestation, a marked increase ( = 40%; P < .001) 
in placental surface area was observed from d 90 to 110 for Yorkshire conceptuses (Figure 
2a), regardless of the uterine environment in which they were gestated. Correspondingly, 
Yorkshire placentae increased dramatically {P < .001) in weight and length from d 70 to 
110 of gestation (201 ± 13 g and 70 ± 3 cm vs 290 ± 15 g and 87 ± 2 cm, respectively). 
In contrast, neither Meishan placental weight nor placental length increased during the last 
40 d of gestation, averaging 159 ± 10 g and 76 ± 3 cm, respectively. Placental surface 
area was highly correlated {P < .001) with placental weight (r = +.82) and length (r = 
+.72) across all days regardless of fetal breed or uterine type in which gestation occurred. 
74 
The increases in Yorkshire placental surface area, weight, and length were reflected 
by a 40% increase in implantation site length, regardless of uterine type, from an average 
of 17 ± .7 cm on d 70 to 24.4 ± .6 cm on d 110 of gestation. However, there was a fetal 
breed x day interaction (P < .001) as the implantation site length for Meishan conceptuses 
remained relatively constant during the last 40 d of gestation in either Meishan or Yorkshire 
uteri, averaging 20.9 ± .7 cm. 
The vascular density of Meishan placentae increased (P < .05) progressively from 
3.0% on d 70 to 6.0% on d 110 of gestation and reached values that were more than two­
fold greater (P < .05) than the vascular density exhibited by Yorkshire placentae on d 110 
(2.8%; Figure 2b). This increase in vascular density of Meishan placentae was achieved by 
increases (P < .05) in the number and diameters of blood vessels. Similarly, the vascular 
density of Meishan and Yorkshire endometrium in contact with Meishan placentae doubled 
between d 70 and 110 of gestation, averaging 2.5 ± 1.0% and 5.1 ± .7%, respectively. 
In contrast, the vascular density of Yorkshire placentae remained relatively unchanged from 
d 70 to 110, regardless of the uterine type in which conceptuses were gestated, averaging 
3.2 ± .6% (Figure 2b). Similarly, the vascular density of endometrium in contact with 
these Yorkshire placentae did not change {P > .10) across the same days, averaging 3.8 ± 
.6%. There was no effect of fetal breed or uterine environment on the length of the line of 
demarcation between the chorionic epithelium and uterine luminal epithelium per microscopic 
field. The length of the line of demarcation increased (P < .01) .18% between d 70 and 
90 (2.2 ± .1 to 2.6 ± .1), with an additional increase (P < .01) .20% to 110 (3.1 ± .1). 
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Figure 2. Eflfect of conceptus genotype on placental surface area (a; SEM = 48.1 cm ) 
and placental vascular density (b; SEM = .9%) from d 70 to 110 of gestation, averaged 
across uterine breed, ^"^eans with different superscripts differ (P < .05). 
Even though Meishan and Yorkshire fetuses increased in weight as gestation 
progressed, Yorkshire fetuses, regardless of uterine environment, had the tendency (P < 
.10) to weigh more than Meishan fetuses on each day of gestation examined (Table 1). 
Further, the CRL was 16% greater (P < .01) for Yorkshire than for Meishan fetuses on d 
70 of gestation, and this difference in CRL length was maintained through d 110 (Table 1). 
To evaluate breed differences in placental efficiency on d 110 of gestation, the weight of 
each fetus was divided by its placental weight (Figure 3). Meishan conceptuses exhibited 
a greater (P < .01) fetal weight:placental weight ratio across both uterine environments than 
Yorkshire conceptuses. Further, placental efficiency of Meishan conceptuses was markedly 
greater (P < .01) when gestated in a Meishan uterus than when gestated in a Yorkshire 
uterus. 
Total gravid uterine length (right uterine hom + left uterine hom) was similar {P > 
.10) for Yorkshire and Meishan females and remained relatively constant from d 70 to 110, 
averaging 438 ± 25 cm, across all females. In contrast to uterine hom length, total gravid 
uterine hom volume and weight doubled from d 70 to 110 of gestation for Meishan and 
Yorkshire uteri (Table 2). Additionally, total uterine hom weight and volume was nearly 
two-fold greater (P < .05) for Yorkshire than for Meishan females on d 70, 90, and 110 
(Table 2). Further, both Meishan and Yorkshire gravid uterine weights were greater (P < 
.05) when occupied by Yorkshire compared to Meishan conceptuses, reflecting the greater 
weight of Yorkshire fetuses and placentae. 
I I Meishan uteri 
y//\ Yorkshire uteri 
-J 
b,c 
Meishan conceptuses Yorkshire conceptuses 
Figure 3. Effect of conceptus genotype and uterine environment on placental efficiencey (fetal weight: placental weight 
ratio), "'"'^Means different superscripts differ {P < .05; Pooled SEM = .23). 
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Individual conceptus' chorioallantoic fluid volume and chorioallantoic EjB 
concentration were greater (P < .05) when fluid was recovered from Yorkshire uteri than 
from Meishan uteri. Additionally, chorioallantoic fluid volumes declined (P < .05) 
progressively from d 70 to 110 for conceptuses gestated in Yorkshire and Meishan uteri, 
regardless of fetal genotype (Table 3). In contrast, EjB concentrations in chorioallantoic 
fluid increased (P < .05) progressively as gestation advanced for conceptuses gestated in 
Yorkshire and Meishan uteri (Table 3). Even though concentrations of EjB were similar in 
chorioallantoic fluid on d 70 and 90 for conceptuses in Meishan and Yorkshire uteri, by d 
110 conceptuses in Yorkshire, compared with Meishan, uteri had markedly greater values, 
averaging 16.9 and 9.5 ng/mL, respectively. 
Table 1. Meishan and Yorkshire fetal weight and crown-rump length (CRL) on d 70, 90, 
and 110 of gestation 
Day of 
gestation 
Fetal weight (g) 
Fetal breed 
CRL (cm) 
Fetal breed 
Meishan Yorkshire Meishan Yorkshire 
70 165 ± 5" 250 ± 8^ 15.2 ± .T 17.8 ± .T 
90 464 ± 13" 508 ± 21" 20.4 ± .2" 22.1 ± .3" 
110 901 ± 24= 1,231 ± 43= 25.7 ± .3' 30.0 ± .T 
••'••'Means ± SEM with different superscripts within a column differ (P < .001). 
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Table 2. Total gravid Meishan and Yorkshire uterine horn (right uterine hom + left uterine 
horn) weight and volume on d 70, 90, and 110 of gestation 
Day of 
gestation 
Uterine hom weight, kg 
Uterine tvoe 
Uterine hom volume, L 
Uterine tvoe 
Meishan Yorkshire Meishan Yorkshire 
70 6.4 ± 1.4' 11.7 + 4.1' 5.9 ± 1.9' 11.0 ±4.0' 
90 9.7 ± 1.6' 14.8 ± 1.5' 8.9 + 1.6' 13.9 + 1.6' 
110 13.9 ±2.2" 23.9 ± 4.0" 12.6 ±2.0" 21.7 ±3.5" 
••''Means ± SEM within a column with different superscripts differ {P < .05). 
Table 3. Individual conceptus chorioallantoic fluid volume and chorioallantoic fluid EjB 
concentration in Meishan and Yorkshire uteri on d 70, 90, and 110 of gestation 
Chorioallantoic fluid Chorioallantoic fluid EiB 
volume, mL concentration, pg/mL 
Day of Uterine tvpe Uterine tvpe 
gestation Meishan Yorkshire Meishan Yorkshire 
70 187 + 14" 465 ±43' 479 + 52' 400 ± 63» 
90 156 + 15'-'' 196 ±18" 2,388 ± 147' 3,356 ± 349" 
no 111 ± 12" 136 ± 12' 9,526 ± 1,002" 16,861 ± 1,150' 
'-"•'Means ± SEM within a column with different superscripts differ {P < .05). 
Discussion 
In agreement with previously reported data (Wilson et al., 1998a), these data suggest 
that, in the pig, placental size (i.e., surface area, length, and weight) is determined by the 
uterine environment up to d 90 of gestation, regardless of the fetal genotype. However, 
between d 90 and 110 of gestation, fetal demand for nutrient uptake and waste removal 
increases rapidly. These demands may activate fetal breed-specific mechanisms to facilitate 
increased matemal-fetal exchange. 
Yorkshire conceptuses seem to respond to the exchange dilemma by dramatically 
increasing placental size (i.e., surface area, weight, and size) from d 90 (970 cm^) to 110 
(1,457 cm^) with no change in the density of placental vasculature. These data are also in 
agreement with Wilson et al. (1998a) who observed a 75% increase in Yorkshire placental 
weight from d 90 to term with placental vascular density remaining relatively constant. 
Additionally, Wigmore and Strickland (1985) observed a doubling of placental surface area 
between d 70 and 110 of gestation in European Large White x Landrace crossbred gilts, and 
Pomeroy (1960) noted a similar increase in placental weight after d 100 of gestation in 
European Large White pigs. 
In contrast, Meishan conceptuses seem to enhance maternal-fetal exchange by nearly 
doubling the vascularity of their placentae between d 90 and 110 of gestation with no 
increase in placental surface area, regardless of the uterine type in which they were gestated. 
Wilson et al. (1998a) also found no increase in placental weight from d 90 to term for 
Meishan conceptuses gestated in Yorkshire recipient females; however, placental vascular 
density at term increased markedly. 
These data suggest that, after d 90, Meishan conceptuses may initiate increased 
synthesis and secretion of soluble angiogenic factors to facilitate the vascularization of its 
placenta. Further evidence of this hypothesis is the observed doubling of vascular density 
in the endometrium of Meishan and Yorkshire uteri from d 90 to 110 when in contact with 
Meishan conceptuses. The idea that angiogenic factors may be produced by late gestation 
Meishan placentae to facilitate matemal-placental exchange is in agreement with data of 
Millaway et al. (1989) for ewes. These researchers reported that cotyledonary explants from 
ewes after d 120 of gestation secreted factors into the culture medium that stimulated 
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endothelial cell proliferation. This is consistent with the observation that placentome weight 
in the ewe does not increase during late gestation, but placentome vascularity continues to 
develop to term (Barcroft and Barron, 1946). 
The length of the implantation sites increased for Yorkshire conceptuses from d 70 
to 110 while remaining constant for Meishan conceptuses. Additionally, the implantation 
site length in Yorkshire uteri averaged more than 24 cm during the last 40 d of gestation, 
exceeding the minimum 20 cm implantation site requirement for optimum fetal survival 
established by Dziuk (1985) and Knight et al. (1977) based on fetal growth and survival 
estimates in U.S. pig breeds. In contrast, implantation site length averaged 19 cm for 
conceptuses in Meishan uteri, regardless of fetal breed. This observed difference in 
implantation site length was reported to occur as early as d 30 of gestation when an 
implantation site difference of 30% was reported by Lee et al. (1995) between straightbred 
conceptuses in the uteri of Large White (22.6 cm) or Meishan (15.4 cm) females. 
Chorioallantoic fluid volume and Ej/S concentrations were greater for conceptuses 
gestated in Yorkshire uteri than for conceptuses gestated in Meishan uteri. These 
observations are consistent with previously published data that demonstrated a negative effect 
of the Meishan uterus on EjjS content of Yorkshire and Meishan preimplantation conceptuses 
as early as d 12 of gestation (Youngs et al., 1994). Additionally, Knight et al. (1977) 
observed a positive correlation between chorioallantoic fluid volume and estrogen 
concentrations at d 30 of gestation in pigs. Estrogens have been shown to increase the 
permeability of placental cells to water (Szego and Sloan, 1961) and alter electrolyte 
movement (Goldstein et al., 1976), enhancing the accumulation of fluid within the 
chorioallantoic sac. Thus, an increase in chorioallantoic fluid volume may facilitate the 
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expansion of chorioallantoic membranes into endometrial folds, expanding placental surface 
area for nutrient and waste product exchange (Knight et al., 1977). 
Consistent with previous results (Wigmore and Stickland, 1985; Pomeroy, 1960), 
uterine horn length of Meishan and Yorkshire females was constant during the last third of 
gestation. In contrast, the weight and volume of gravid uteri for Meishan and Yorkshire 
females increased markedly between d 70 and 110 of gestation in the current study. These 
data combine to indicate that the substantial increase in uterine capacity during late gestation 
in pigs is probably due to an increase in uterine circumference. This increase in uterine horn 
circumference to accommodate fast growing fetuses during late pregnancy may result from 
fluid distension, uterine growth, and(or) a thinning of the uterine wall. 
The fact that Meishan conceptuses had a greater placental efficiency (fetal 
weight:placental weight ratio) when gestated in a Meishan uterus than when gestated in a 
Yorkshire uterus may result from their ability to increase placental and adjacent endometrial 
vascular density to compensate for their small placental size. In contrast, the placental 
efficiency of Yorkshire conceptuses remained relatively constant across uterine breed, again 
suggesting that placental size differences in this breed are reflected by similar differences in 
fetal weight. Recently we have observed consistent littermate differences of three- to four­
fold in the fetal weight:placental weight ratio in our population of purebred Yorkshire gilts 
(Wilson et al., 1998b). It is conceivable that the successful selection for increased litter size 
in the Chinese Meishan pig over as many as 7,000 yr (Yun, 1988) may have been due to an 
indirect selection for a smaller, more vascular placenta. By directly selecting pigs with the 
greatest placental efficiency, it may be possible for producers to make rapid progress in 
increasing litter size in U.S. pig breeds. 
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Implications 
These data suggest that the size of a pig placenta by d 90 of gestation is dictated to 
a large extent by the uterus in which the conceptus is gestated. After d 90 of gestation, the 
increased nutrient influx required to support rapid fetal growth is achieved by 1) an increased 
placental vascular density, which is independent of placental growth, or 2) continued 
placental growth and, thus, surface area of placental-endometrial exchange. Thus, genetic 
differences in placental size and vascularity may impact litter size in U.S. or European pig 
breeds. 
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THE IMPACTS OF UTERINE ENVIRONMENT AND FETAL 
GENOTYPE ON CONCEPTUS SIZE AND PLACENTAL VASCULARITY 
DURING LATE GESTATION IN PIGS 
A manuscript submitted to the Journal of Animal Science 
Nina J. Biensen, Matthew E. Wilson, and Stephen P. Ford 
ABSTRACT. Meishan and Yorkshire gilts were bred exclusively to Yorkshire or Meishan 
boars respectively, resulting in similar Meishan x Yorkshire fetuses gestating in the uteri of 
both maternal breeds. Gilts of both breeds were slaughtered on d 90 and d 110 of gestation 
and the weight and volume of each uterine hom was determined. Fetal weights and crown 
rump lengths were recorded. A section of the chorioallantoic-endometrial attachment site 
was collected for each conceptus and evaluated for placental and endometrial vascular 
density. An intact placenta was recovered for each conceptus, weighed and its surface area 
determined. Fetal weight and crown rump length increased {P < .001) markedly between 
d 90 and d 110 of gestation in both Meishan and Yorkshire uteri but were markedly reduced 
{P < .001) in Meishan when compared to Yorkshire uteri. Placental weight and placental 
surface area were reduced 40% in Meishan when compared to Yorkshire uteri, however 
placental size did not increase between d 90 and 110 in either uterine type. Placental 
vascular density and endometrial vascular density were similar (P > .20) for conceptuses 
in Meishan and Yorkshire uteri on d 90 and d 110 of gestation. Additionally, while the ratio 
of fetal weight/placental weight (placental efficiency) increased between d 90 and d 110, 
placental efficiency was similar for conceptuses in either Meishan or Yorkshire uteri. No 
differences were observed in placental vascular density or endometrial vascular density of 
crossbred conceptuses in either Meishan or Yorkshire uteri. These data suggest that the 
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uterine type determines conceptus size while conceptus genotype controls placental 
efficiency. 
Key Words: Pig, Placental efficiency, Uterine type, Fetal genotype 
Introduction 
Litter size in commercial U.S. pig breeds (=10 piglets) has remained relatively 
constant for the last 84 years (Hammond, 1914; Bache and Foster, 1992; Cooperative 
Extension Service, 1997; NASS, 1998). Interestingly, prolific Chinese Meishan pigs farrow 
three to four more piglets per litter than sows from European or U.S. pig breeds (Legault, 
1985; Jin et al., 1992; Haley and Lee, 1993) even when ovulation rate (Hunter et al., 1991; 
Youngs et al., 1994) and uterine size (Bazer et al., 1988; Lee et al., 1995) are similar. 
Researchers have observed fetal genotype effects on porcine conceptus size 
throughout gestation. Conceptuses of U.S. and European pig breeds were larger (P < .05) 
on d 12 (Youngs et al., 1994), d 30 (Ashworth et al., 1990; Hunter, 1994), and d 90 
(Wilson et al., 1998b) of gestation than Meishan conceptuses. Surprisingly, when Yorkshire 
recipient females co-gestating Meishan and Yorkshire conceptuses farrowed, the birth 
weights of Meishan piglets had increased to that of their Yorkshire littermates while their 
placentae remained markedly smaller (Wilson et al., 1998b). We have recently reported that 
Meishan placentae and adjacent endometrium increase their vascular density between d 90 
and d 110 to compensate for limited placental growth (Biensen et al., 1998). In contrast, 
the marked increase in Yorkshire placental size during late gestation allows placental and 
endometrial vascular density to remain constant. 
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It is well accepted that the uterus functions to limit conceptus growth, however, these 
studies illustrate that the Meishan uterus exerts a more powerful inhibitory effect than that 
of European or U.S. pig breeds. Further, during late gestation fetal-breed specific 
mechanisms (increased placental vascularity or size) are activated in an attempt to override 
the inhibitory effects of the uterine environment. Therefore, the objectives of this study 
were to elucidate the specific effects of uterine and fetal genotype on the size and placental 
vascularity utilizing Meishan x Yorkshire conceptuses gestated in either Meishan or 
Yorkshire uteri. 
Materials and Methods 
Meishan and Yorkshire gilts were checked for estrus twice daily at 0800 and 1600 
with Meishan or Yorkshire boars, respectively. Meishan gilts {n = 4) were handmated to 
Yorkshire boars while Yorkshire (n = 4) gilts were bred exclusively to Meishan boars at the 
onset of estrus and again 12 h later. This resulted in conceptuses of a similar genotype 
(Meishan x Yorkshire) gestating in uteri of both maternal breeds. Four gilts (Meishan = 
2 and Yorkshire = 2) were randomly assigned to slaughter on d 90 and d 110 of gestation. 
The gravid uterus was recovered at slaughter. 
The collection of conceptuses was accomplished according to procedures that have 
been previously published by our laboratory (Biensen et al., 1998). Briefly, uterine horn 
weight and volume was determined after each horn was trimmed free of the broad ligament 
and separated from the cervix. Chorioallantoic fluid was recovered for each conceptus 
through a longitudinal incision on the antimesometrial side of the uterine horn. Each fetus 
was then exteriorized through this incision, its umbilical cord double Ugated and tagged and 
then cut between the ligations allowing each fetus and its placenta to be matched later. Each 
fetus was weighed and its crown rump length (CRL) determined. Our laboratory has utilized 
a ratio of fetal weight to placental weight as an index of placental efficiency. This ratio 
determines, in a comparative way, the number of grams of fetus that each gram of placenta 
can support during late gestation. 
The uterine horn was then opened from tip to base by connecting the antimesometrial 
incisions, and a section (2x3 cm^) of the chorioallantoic-endometrial attachment site was 
collected from each conceptus for histologic evaluation. The endometrial location of both 
ends of each placenta were marked with a dissecting pin, and each placenta was then 
carefully separated from the endometrium resulting in the recovery of an intact placenta. 
The location and length of each implantation site as well as the unoccupied spaces between 
these sites were determined. Each placenta was weighed and then spread out on white wax 
(butcher's) paper and its perimeter traced with a marking pen. A planimeter (Compensating 
Polar Planimeter, Keufel and Esser Co., New York, NY) was used later to measure each 
placenta's surface area (PSA; cm^) from its tracing. 
Utero-placental tissues were fixed in formalin and washed in increasing concentrations 
of ethanol and paraffin-embedded using procedures previously published by our laboratory 
(Biensen et al., 1998). Briefly, five-micron sections from each utero-placental tissue were 
stained with periodic acid-Schiffs reagent followed briefly with counterstaining by 
hemotoxylin (U.S. Armed Forces Institute of Pathology, 1960) for visualization of the 
contact area between the endometrium and chorioallantoic membranes (Biensen et al., 1998). 
Within a field, the area occupied by placental tissues, by endometrial tissues and the 
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proportion of each occupied by blood vessels was quantified by an image analysis system 
(Bioquant, Nashville, TN). 
Statistics 
The general linear model (GLM) of SAS (1985) was used for analysis of the main 
effects of uterine breed, day of gestation and their interactions on both uterine and fetal 
variables. Mean comparisons were performed using LSMEANS (SAS, 1985) with results 
presented as means ± SEM. Pearson's correlation coefficients were used to analyze the 
relationship between placental weight, fetal weight, and the fetal weight: placental weight 
ratio. 
Results 
The number of viable conceptuses per female averaged 12.4 ± .9 and was unaffected 
by uterine breed or day of gestation. Neither the number, the sex, nor the position of 
crossbred conceptuses within a uterine horn affected placental weight and PSA or fetal 
weight and crown rump length. Additionally, neither the number, the sex nor the position 
of conceptuses within the uterine horn affected placental or endometrial vascular density. 
Fetal weight of all crossbred conceptuses increased (P < .001) as gestation advanced 
from d 90 to d 110, regardless of uterine breed (Fig, 1). However, fetuses weighed 
markedly less (P < .001) when gestated in Meishan compared to Yorkshire uteri on both 
d 90 and d 110 of gestation (Fig. 1). Additionally, although CRL of crossbred conceptuses 
also increased (P < .001) between d 90 and d 110, CRL were 10% less (P < .001) for 
crossbred conceptuses in Meishan when compared to Yorkshire uteri on both d 90 and d 110, 
22.4 ± .3 and 26.1 ± .5 mm compared to 25.0 ± .2 and 29.6 ± .3 mm, respectively. 
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Figure I. Weights of Meishan x Yorkshire fetuses gestated in Meishan or Yorkshire uteri until day 90 or 110 of gestation 
a.i>.c.d|^eans + SEM with different superscripts differ {P < .001). 
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Markedly larger (P < .001) placentae (weight and surface area) were recovered from 
Yorkshire compared to Meishan uteri on d 90 and d 110 of gestation (Figs. 2a and b). 
Placental weight and PSA were 40% greater when placentae were gestated in Yorkshire as 
compared to Meishan uteri on both days of gestation. In contrast to the progressive 
increases observed in fetal weight and CRL between d 90 and d 110 of gestation, placental 
weight and PSA remained relatively constant over these days of gestation, regardless of the 
maternal breed. 
Implantation site lengths increased {P < .05) from d 90 to d 110 of gestation for 
crossbred conceptuses and were similar for conceptuses in both Meishan and Yorkshire uteri, 
averaging 17.9 ± .7 and 22.7 ± 1.0 cm, respectively. Interestingly, implantation site length 
was the greatest {P < .01) for conceptuses in the tip compared to the middle and base of 
the uterine horn, averaging 26.0 ± 1.1 vs 21.0 ± .5 and 22.6 ± .8 cm, respectively. In 
contrast, PSA was similar (P > .30) for conceptuses regardless of their position within a 
uterine horn. 
As fetal weight increased between d 90 and d 110 of gestation, chorioallantoic fluid 
volumes decreased {P < .001) during the same time interval, averaging 243 ± 14 and 107 
± 7 mL, respectively, regardless of the uterine type in which conceptuses were gestated. 
In contrast to the fetal weight and CRL or placental weight and PSA, neither placental 
vascular density nor endometrial vascular density was affected by uterine breed or day of 
gestation. Placental vascular density (%) and endometrial vascular density (%) averaged 2.1 
± .4 and 3.1 ± .6 for conceptuses in Meishan uteri and 2.8 ± .3 and 4.1 ± .9 for 
conceptuses in Yorkshire uteri. 
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Additionally, the ratio of fetal weight/placental weight was similar for the crossbred 
conceptuses gestated in either Meishan and Yorkshire uteri on d 90 and on d 110. However, 
as fetal weight continued to increase from d 90 to d 110 of gestation while placental weight 
remained constant, placental efficiency increased {P < .001) from 2.9 to 4.8, respectively. 
Discussion 
These data demonstrate a markedly greater inhibitory effect of the Meishan uterus 
than the Yorkshire uterus on placental and fetal growth of crossbred conceptuses through d 
90 and 110 of gestation. These observations are consistent with the previously published 
studies utilizing reciprocal embryo transfers between Meishan and U.S. or European pig 
breeds (Ashworth et al., 1990, 1992; Galvin et al., 1993; Hunter, 1994; Biensen et al., 
1998; Wilson et al., 1998b). This reduction in late term conceptus growth associated with 
Meishan uteri may result from events occurring during the pre-implantation period. Youngs 
et al. (1994) demonstrated that both Meishan and Yorkshire embryos gestated in a Meishan 
uterus to d 12 were markedly smaller than embryos gestated in a Yorkshire uterus. Further, 
we have demonstrated that both d 6 (Rivera et al., 1996) and d 12 (Wilson and Ford, 1997) 
embryos gestated in Meishan uteri exhibited a reduced trophectoderm mitotic rate when 
comapared to embryos gestated in Yorkshire uteri. These differences in trophectoderm 
mitotic rate may have resulted in the observation that elongated embryos in a Meishan 
uterine environment were shorter and contained fewer cells on d 14 than embryos gestated 
in Yorkshire uteri (Wilson et al., 1995). 
Interestingly, the placental membranes of the crossbred conceptuses did not increase 
in weight or surface area between d 90 and d 110 of gestation, regardless of uterine type. 
The lack of placental growth during late gestation is similar to the growth patterns reported 
earlier for the placentae of straight-bred Meishan conceptuses (Biensen et al., 1998; Wilson 
et al., 1998b). If dominant alleles for the genes regulating placental growth became fixed 
over the thousands of years that the Chinese were selecting and breeding pigs, one would 
expect to observe this Meishan-specific placental growth pattern in these Meishan x 
Yorkshire crossbred conceptuses. Additionally, this similarity in both straight-bred Meishan 
and Meishan x Yorkshire placental size during late gestation is in stark contrast with the 
marked increase in the size of Yorkshire (Biensen et al., 1998; Wilson et al., 1998b), 
European Large White (Pomeroy, 1960) and European Large White x Landrace (Wigmore 
and Stickland, 1985) placentae observed over the same interval of late gestation. We have 
proposed that this lack of increase in Meishan placental size during late gestation is one of 
the key strategies which results in the increased litter size exhibited by Meishan as compared 
to U.S. and European pig breeds. 
Interestingly, PSA failed to differ by conceptus position within a uterine horn even 
though the implantation site lengths were greater (? < .01) for conceptuses in the tip of each 
uterine horn. This increase in implantation site length at the tip of the uterine horn may 
have resulted from its reduced circumference compared to that of the rest of the horn. This 
reduced circumference may limit the hom?s ability to accommodate the rapidly growing 
conceptus, resulting in a requirement for the increased length of attachment. The decline 
in chorioallantoic fluid in both uterine types from d 90 to d 110 observed in the current study 
is in agreement with previous observations (Knight et al., 1977; Biensen et al., 1998). 
The failure of placental-endometrial vascular density of Yorkshire x Meishan 
conceptuses to increase from d 90 to d 110 in either uterine type in this study is in agreement 
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with previously published data (Biensen et al., 1998) for straight-bred Yorkshire conceptuses. 
In contrast, Biensen et al. (1998) reported a marked increase in placental-endometrial 
vascular density for straight-bred Meishan conceptuses over the same period of late gestation. 
This earlier study of Biensen et al. (1998) used individuals from the same populations of 
Meishan and Yorkshire pigs that generated the crossbred conceptuses in the current study. 
As depicted in Fig. 3a, placental vascular density of straight-bred Meishan conceptuses on 
d 110 of gestation was more than double that of crossbred conceptuses (current study) or 
Yorkshire conceptuses across both Meishan and Yorkshire uterine types. Additionally, 
endometrial vascular density was increased for the endometrial tissues in contact with 
placentae from straight-bred Meishan conceptuses as compared to crossbred (current study) 
or straight bred Yorkshire conceptuses (Fig. 3b). These results indicate that the increased 
vascular density of both the Meishan placenta and the endometrium in contact with Meishan 
placentae during late gestation is not simply a result of limited placental size, but instead is 
part of a two-tiered fetal-genotype specific mechanism for increasing nutrient uptake from 
a limited surface area of contact between the placenta and endometrium. 
Evidence suggests that nutrient uptake and growth of the pig fetus is directly 
dependent on the rate of uterine and umbilical blood flow (see Ford, 1995 for review). 
Placental and endometrial vascular growth and development are known to be modulated by 
both fetal and maternal factors (Reynolds, 1992). It is possible that marked breed 
differences exist in the time course and(or) site of production of these "angiogenic" factors 
leading to the marked differences in placental and adjacent endometrial vascular density and 
thus placental efficiency. If we compare the fetal weight to placental weight ratio for 
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straight-bred Meishan and Yorkshire conceptuses from a previous study (Biensen et al., 
1998) with the crossbred conceptuses in the current study, we can estimate where each falls 
in the placental efficiency spectrum (Fig. 4). The index of placental efficiency on d 110 of 
gestation for Meishan conceptuses was the greatest averaging 6.5 ± 1.0 and the least from 
straight-bred Yorkshire conceptuses, which averaged 3.5 ± .7. The placental efficiency for 
the crossbred conceptuses was intermediate and averaged 4.8 ± .3. 
These data suggest that there may have been a slight increase in placental efficiency 
resulting in an increased nutrient flux to support the greater fetal growth for crossbred 
compared to straight-bred Yorkshire conceptuses as the Meishan x Yorkshire placentae did 
not increase in size during late gestation. Justification of the fetal weight to placental weight 
ratio as a measure of placental efficiency is confirmed by a significant negative correlation 
which existed between placental efficiency and placental weight on d 110 of gestation (r= -
,62; P = .01) and a lack of significant association between placental efficiency and fetal 
weight, regardless of fetal genotype. These correlations indicate that the difference in litter 
size between Meishans and sows from U.S. pig breeds may be directly related to breed 
differences in placental efficiency. We recently demonstrated that litter size was significantly 
{P < .05) increased when gilts and boars exhibiting higher than average placental efficiency 
were mated together compared to litter sizes resulting from the mating of gilts and boars with 
lower than average placental efficiency (Wilson et al., 1998a). 
Meishan* Crossbred Yorkshire* 
Conceplus Type 
Figure 4, Fetal weight;placental weight ratio averages for Meishan*, Meishan x Yorkshire and Yorkshire* conceptuses 
gestated in either Meishan or Yorkshire uteri until d 110 of gestation (*Biensen et al., 1998). 
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Implications 
These data confirm previous observations that the uterine type in which a pig 
conceptus is gestated has a major impact on its growth rate. However, fetal genotype 
specific differences in placental size as well as placental and endometrial vascular density 
previously seen for straight-bred Meishan and straight-bred Yorkshire conceptuses were 
eliminated by crossbreeding. Additionally the placental efficiency was intermediate for 
crossbred Meishan x Yorkshire conceptuses compared to straight-bred Meishan or straight-
bred Yorkshire conceptuses, regardless of the uterine type in which they gestated. These 
data suggest that it is conceptus genotype that determines placental and associated 
endometrial vascularity and placental size during late gestation, ultimately dictating placental 
efficiency. Further, these data suggest that litter size should be increased by selecting herd 
females with the greatest capacity to limit placental growth, while selecting offspring with 
a greater than average placental efficiency, and whose postpartum growth rate is similar to 
piglets with average to below average placental efficiency. 
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SELECTION OF PIGLETS ASSOCIATED WITH A SMALLER MORE 
EFFICIENT PLACENTA DOES NOT AFFECT PRODUCTION TRAITS 
A manuscript to be submitted to Animal Science 
N. J. Biensen*, L. L. Christian, and S. P. Ford, Iowa State University, Ames. 
Abstract. Our laboratory recently reported that the ratio of a piglet's weight to that of its 
placenta (RATIO) varies three-fold within a litter, due predominantly to variations in 
placental size which is known to be a limiting factor in litter size. It was further determined 
that selection of boars and gilts with a higher than average RATIO for breeding resulted in 
an increased litter size and reduced placental weights. The objective of this experiment was 
to examine the effects of RATIO on economically important production traits (piglet 
survivability, 21-day weights, days to 105 kilogram, as well as back fat depth and loin 
muscle area at 105 kilogram) in a purebred breeding stock herd of Finnish Yorkshire and 
Landrace pigs. Sows were monitored throughout farrowing, and each piglet way matched 
to its placenta. Each piglet and its placenta were individually weighed and a RATIO 
determined. Placental weight, but not piglet birth weight exhibited a strong (P < 00001) 
negative correlation with RATIO (r = -073). Up to three-fold differences in RATIO were 
observed within a single litter, preventing the average RATIO of an entire litter from being 
significantly associated with litter size. The distribution of individual piglet RATIOS across 
the entire group of pigs ranged from 2-8 to 114 suggesting a marked difference in placental 
efficiencies. No significant association was seen between RATIO and 21 day weight, days 
to 105 kilograms, bacffat depth or loin muscle area. Thus, an above average ratio of a 
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piglet's weight to that of its placenta is indicative of a smaller more efficient placenta and 
appears to have no subsequent detrimental effects on growth efficiency. 
Keywords: piglet, placental size, production traits 
Introduction 
The number of live piglets at farrowing is considered to be one of the most important 
components of sow productivity (Lawrence, 1993). While management practices over the 
last 80 years have improved production traits such as feed efficiency and fat to lean ratio, 
litter size has remained relatively constant at = 10 piglets (Rommel, 1906; Hammond, 1914; 
National Association of Statistical Services, 1998). Estimates of heritability of litter size in 
the pig have been low (0-16; Hertzer, Lambert and Zeller, 1940) and highly variable (0-28 
± 0-26; Revelle and Robison, 1973). Additionally, Revelle and Robison (1973) noted that 
gilts retained from small (8 or less piglets) or middle (8 to 11 piglets) sized litters were as 
likely to have larger litters as those retained from litters of more than 11 piglets. This 
observation emphasizes the apparent litter mate genotype differences that exist within a single 
litter. 
The prolific Chinese Meishan pig farrows 3 to 5 more piglets per litter than European or 
U.S. pig breeds (Jin, Cui and Mao, 1992; Haley, Lee and Ritchie, 1995). Further, Meishan 
litters are composed of piglets which are more uniform in size than either those of European 
or U.S. litters (Lee and Haley, 1995) and are supported in utero by smaller and more 
vascular placentae (Biensen, Wilson and Ford, 1998). As the uterine size is similar between 
Meishan and U.S. pigs (Bazer, Thatcher, Martinat-Botte and Terqui, 1988; Lee, Ritchie, 
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Thomson, MacDonald, Blasco, Santacreu, Argente and Haley, 1995), and uterine size is 
limiting to litter size (Dziuk, 1968; Fen ton, Bazer, Robison and Ulberg, 1970), the smaller 
placental size of the Meishan has been hypothesized to facilitate its greater fecundity 
(Biensen et al., 1998; Wilson, Biensen, Youngs and Ford, 1998a). Recently, Wilson, 
Biensen and Ford (1998b) reported a large variation ( = 3-fold) in the ratio of a piglet's 
weight to the weight of its placenta (RATIO) within single litters of Yorkshire pigs. The 
RATIO difference was almost entirely a result of marked differences in placental weight. 
Further, Wilson et al. (1998b) reported that litter size was increased by three live piglets per 
litter when boars and gilts with above average RATIOs were mated compared to litters 
resulting from the mating of boars and gilts with below average RATIOs (12-5 versus 9*5 
piglets/litter). 
However, this RATIO may affect piglet viability, as large piglets supported by smaller 
placentae during late gestation may be subjected to limited nutrients and oxygen. Piglets 
with less vigor at birth may be more likely to suckle from posterior mammary glands which 
produce the least milk (Gill and Thomson, 1956), leading to reduced growth rates. "Teat 
order", where piglets only suckle from one or two specific teats without variation, is 
established during the first few days following parturition and is 95% stable by day 7 
postpartum (Fraser and Jones, 1975; Rossillion-Wamier and Paquay, 1984). 
Therefore, the objective of this experiment was to evaluate the feasibility of using RATIO 
as a selection tool for commercial pork production by determining any detrimental 
relationship between RATIO and 21-day weight, days to 105 kg, as well as back fat depth 
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and loin muscle area at 105 kg. Additionally, the effects of RATIO, piglet birth weight and 
placental weight on teat order were analyzed. The impact of teat order on 21-day weight, 
days to 105 kg, backfat depth and loin muscle area at 105 kg was also evaluated. 
Materials and methods 
A purebred herd of imported Finnish Yorkshire and Finnish Landrace breeding stock was 
chosen to evaluate RATIO as a selection tool for commercial pork production. Sows in 
Finland are ranked based on a fertility index (number of piglets bom/litter, 21-day litter 
weight, and interval between farrowings) and a composite performance index (rate of gain, 
feed efficiency, per cent lean and muscle quality) derived from a progeny performance 
evaluation of three piglets in a central test station (Finnish Animal Breeders Association, 
1974). Additionally, sires are assigned a fertility index and composite performance index 
based on the fertility and progeny performance indices of their daughters. These indices 
(100 being average) are recomputed every time a new group of pigs is progeny tested. 
Yorkshire (n = 21) and Landrace (n = 9) females were artificially inseminated with semen 
from unrelated Finnish Yorkshire and Finnish Landrace boars, respectively. Bred females 
were moved to farrowing crates on day 110 of gestation. Expected farrowing dates were 
considered to be 114 days from the day of insemination. Bred females were checked every 
six hours beginning on day 112 of gestation and observations on teat and vulva appearance 
and the female's behaviour were recorded. When milk could be expressed in a stream from 
a teat, observations of that female increased to every two hours. If fluids were observed 
109 
dripping from the female's vulva, that female was observed every 15 min until parturition 
began. 
Each piglet was caught as it was farrowed and its umbilical cord was clamped close to the 
dam's vulva with uterine hysterectomy forceps (Miltex, Lake Syracuse, NY). The umbilical 
cord was also clamped close to the piglet's body with an umbilical clip (Umbilical Cord 
Clip, Hollister Inc., Libertyville, IL), the umbilical cord was then cut between the clamps 
and the piglet was set to one side of the farrowing crate. A numbered tag matching the 
piglets birth order was then ligated to the umbilical cord that was exteriorized through the 
gravid female's vulva, and the tagged umbilical cord allowed to retract back through the 
birth canal. The piglet was then dried and notches placed in the ears for individual 
identification (Universal Ear Notching System [Becker, 1986]: litter number, right ear; 
individual number [birth order], left ear). The time of birth and sex for each piglet were 
then recorded. 
When each sow had finished farrowing, all piglets in the litter were individually weighed on 
a portable electronic balance (Ohaus, Florham Park, NJ; model LS 500). Following 
placental expulsion, placentae were separated and weighed individually. The ratio of a 
piglet's weight to the weight of its placenta (RATIO) was then calculated for each piglet. 
This RATIO estimated in a comparative way the number of grams of piglet each gram of 
placenta supported during late gestation. 
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At 8 ±0-5 days of age, piglets were marked with their birth order on their hindquarters for 
ease of identification and each litter observed for two to three suckling bouts. The most 
anterior pair of teats was labeled 1 and 2 and the next pair 3 and 4, etc., such that the most 
posterior teats would be numbered 13 and 14 or possibly 15 and 16, depending on number 
of teats. 
Piglets were again individually weighed at =21-days of age. When piglets were not 
weighed at exactly 21 days of age, weights were corrected by using the National Swine 
Improvement Federation (NSIF) 21-day Weight Adjustment chart (Wood, Christian and 
Rothschild, 1990). 
Body composition of both boars and gilts were evaluated by a NSIF certified technician using 
Real-Time Ultrasound scanning (P.I.E. Medical, Model 200, B mode) when the piglets 
weighed approximately 105 kg. Back fat depth (cm) and loin muscle area (cm^) 
measurements were taken 5 cm off the midline at the lO"* rib for the best estimate of fatrlean 
composition (Wilson, 1992). Days to 105 kg were calculated at this time and the backfat 
depth and loin muscle area were adjusted to 105 kg for all piglets. 
The general linear model procedure of Statistical Analysis System (1985) was used to 
evaluate the effects of breed, sire and piglet sex on litter size, birth weight, placental weight, 
RATIO, 21-day weight and days to 105 kg, back fat depth and loin muscle area. The 
relationship between birth order, birth weight, placental weight, RATIO and teat order was 
analyzed using general estimating equations. Not all piglets were tagged in each litter due 
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to premature detachment of the umbilical cord from their placenta during delivery. 
Therefore, when analyses required RATIO, only records were used for the 15 sows where 
75% or more of the piglets in their litters were successfully tagged (x = 97%). Teat order 
was documented on 11 of these 15 sows. Additionally, Pearson's correlation coefficients 
were used to analyze the relationships between the individual piglets birth weight, placental 
weight, RATIO, teat order, 21-day weight, days to 105 kg, back fat depth and loin muscle 
area. 
No breed effect was observed on the birth weights, placental weights, RATIO, teat order, 
21-day weight, days to 105 km or back fat depth or loin muscle area. Additionally, no 
effect of sire or piglet sex were observed, regardless of breed. Therefore, all data was 
pooled for analyses. 
Results 
Litter size ranged from 6 to 18 piglets and averaged 11-9 ± 0-9 live bom piglets over all 
30 sows utilized in this study. The RATIOs of all tagged piglets in each litter of the 15 sows 
where ^75% of the piglets were tagged are depicted in Figure 1. The litter size of these 
15 sows averaged 11*1 ± 0*8 piglets. Although individual female variation was evident, 
there was up to a three-fold difference in RATIO within single litters. Due to this littermate 
variation, the average RATIO of a litter was not associated with litter size. The RATIO 
distribution for the 161 piglets from the 15 litters depicted in Figure 1 are presented in 
Figure 2, and exhibits an average RATIO of 5-7 ± 0-1. The distribution of RATIOs for 
the individual piglets ranged from 2-8 to 11-4, a four-fold difference in placental efficiency. 
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Figure 2. The frequency distribution of all the individual piglet weight:placental weight RATIOS depicted in Figure 
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Although piglet birth weights ranged from 694 to 2500 g (mean = 1531 ± 21 g), these 
differences could not explain the variation observed in RATIO for the 161 piglets (Figure 
3). In contrast, a high negative correlation (r = -0-73, P < OOOOl) was observed between 
placental weight and RATIO for these piglets (Figure 4). Placental weights ranged from 80 
to 554 g and averaged 279 ± 6 g. Consistent with the lack of association between average 
litter RATIO and litter size, neither average litter piglet weights nor average litter placental 
weights were significantly associated with litter size. 
For the subset of sows used to establish teat order effects, piglets weighed 1447 ± 22 g at 
birth and had a birth interval of 12-5 ± 0-9 min. Piglets consistendy suckled from the 
same teat during observation (r = +0-94, P < 00001). Birth order, weight and interpig 
birth interval did not affect teat order (P > 0-10), nor did placental weight or RATIO (P 
> 0-10). While piglets which suckled anterior teats tended (r = - 0-21, P < 006) to 
weigh more at 21 days of age, teat order was not associated with the number of days it took 
piglets to reach 105 kg. 
Piglet weight at 21 days averaged 5399 ± 131 g with weights ranging from 1693 to 8535 
g. No significant association was found between the 21-day weight of a piglet and its 
RATIO at birth. In contrast, both the piglet's birth weight and its placental weight were 
positively correlated with 21-day weight (r = + 041, P < OOOOl and r = -h 0-33, P 
< 0001, respectively). 
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Figure 3. Individual piglet weights (n = 161) versus their piglet weight:placental weight ratio. 
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Figure 4, Individual placental weights (n = 161) versus their corresponding piglet weight:placental weight ratio. 
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It took piglets in this study an average of 179 ± 1 -8 days to reach a body weight of 105 kg. 
No significant association was found between RATIO or placenta weight and days to 105 kg 
body weight. Piglet birth weight, however, was negatively correlated (r = -0-40, P < 
OOOOl) with days to 105 kg. Additionally, 21-day weight was also negatively correlated 
with days to 105 kg (r = -0-50, P < OOOl). 
Adjusted back fat depth and loin muscle area at 105 kg measured 102 ± 003 cm and 47.8 
± 0-5 cm-, respectively. As seen for both 21-day weight and days to 105 kg, RATIO was 
not associated with either back fat depth or loin muscle area (P > 0-50 for both). 
Additionally, piglet birth weight, placental weight, 21-day weight and days to 105 kg were 
not associated with back fat depth. In contrast, while 21-day weight for piglets was 
positively correlated with loin muscle area (r = -I- 0-27, P < 005), piglet birth weight 
was not. 
Discussion 
When a sow farrows, the producer is generally focused on the number of piglets farrowed 
and their viability. Placentae, which are normally expelled some minutes after the last 
piglet, are largely ignored or simply treated as a nuisance. Differences are readily 
observable in piglet birth weight and it has been a widespread misconception that large 
piglets are supported by large placenta which are proportional to their weight (Barcroft, 
1944; Hafez, 1963; Fahmy, 1971). However, the widely varying RATIOs within a litter 
observed in this study would indicate otherwise, especially since only placental weight, not 
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piglet weight, is associated with RATIO. Additionally, the wide range of RATIOs observed 
within litters is evidence for the presence of divergent littermate genotypes. 
Genotype-specific mechanisms in the pig are activated during late gestation to provide 
adequate nutrition and waste product removal for the fast growing fetus (Biensen et al, 
1998). The progressively increasing demands of the fetus are accomplished either through 
increases in placental surface area (low RATIO), or through an increased density of placental 
and endometrial blood vessels for exchange (high RATIO). Most likely, each fetus uses 
some combination of both placental growth and increased vascularity to achieve its goals. 
As fetal pigs are supported throughout gestation by relatively inefficient, diffuse, 
epitheliochorial placentae (Amoroso, 1952; Ramsey, 1982), low RATIO fetuses may 
ultimately limit litter size due to their relatively avascular placentae requiring a large area 
of contact with the uterine wall. In contrast, high RATIO piglets which have a smaller 
placenta and thus take up less uterine space may allow more litter mates to survive to term. 
This theory that smaller, more efficient placenta are associated with larger litters is supported 
by the research of Wilson et al. (1998b) who successfully increased litter size from 9-5 to 
12-5 piglets by breeding boars and gilts which had been attached to smaller than average 
placentae as opposed to those attached to larger than average placentae. Additionally, the 
study by Wilson et al. (1998b) suggests placental size may indeed be heritable, as placentae 
were 40% smaller for piglets gestated by high RATIO females compared to low RATIO 
females. Interestingly, birth weights of all boars and gilts in both the small and large 
placental groups were similar. The failure of researchers (Blunn and Baker, 1954; Boylan, 
Rempel and Comstock, 1961; Revelle and Robsion, 1973; Bereskin, 1984) to increase litter 
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size by selecting females from large litters can be explained by the diverse genotypes 
represented within each litter. 
Additionally, neither RATIO nor placental weight were associated with 21-day weight, days 
to 105 kg, backfat depth or loin muscle area. The failure to associate RATIO with any of 
the economically important production traits examined is an indication that the genes 
contributing to litter size and those regulating production traits are not pleiotropic or closely 
linked. 
Consistent with previous research (Rossillion-Wamier and Paquay, 1984), teat order was 
firmly established during the first week, and neither RATIO, birth weight nor birth order 
was associated with teat order, regardless of litter size. However, the mild association 
between teat order and 21-day weight is intriguing. Previous research has suggested that the 
anterior mammary glands produce more milk (Gill and Thomson, 1956) and that larger, 
more aggressive piglets successfully compete for these teats during agnostic encounters with 
their littermates (Hartsock and Graves, 1976; Scheel, Graves and Sherritt, 1977). An 
alternative hypothesis would be that these anterior mammary glands produce more milk due 
to aggressive stimulation by the piglets suckling. The association between teat order and 21-
day weight in the current study lends credence to this hypotiiesis as piglets nursing the 
anterior teats were not heavier at birth, but tended to weigh more at 21 days of age. 
While piglet birth weight was significantiy correlated with 21-day weight, only = 16% of 
the variation observed in weaning weights was accounted for by the birth weight of the 
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piglets. These results indicated that the 21-day weight of piglets is more influenced by post­
partum weight gains than birth weight. Earlier work by Fahmy and Bernard (1972) noted 
that post- partum gains accounted for 81 % of the variation in weaning weight. Additionally, 
piglet birth weight continued to account for only 16% of the variation observed in the time 
it took the pigs to reach market weight. The weak effect that birth weight had on 21-day 
weight and days to 105 kg illustrates that birth weight is a poor indicator of future growth 
performance (Blunn and Baker, 1954). 
Additionally, only 25% of the variation in days to 105 kg can be accounted for by 21-day 
piglet weight. These results are similar to those reported by Blunn, Warwick and Wiley 
(1954) who noted that the weaning weight of piglets accounted for less than 40% of the 
variance in the days to market weight. Interestingly, Baker, Hazel and Reinmiller (1943) 
noted that as piglets aged, the variance in gain becomes more attributable to differences 
between individuals. 
No effect of sire of the litter was observed on RATIO, piglet birth weight, placental weight 
or piglet weights at the various stages, in agreement with earlier conclusions by Musson 
(1946) and Rahnfeld and Swierstra (1970). This lack of sire effect suggests the possibility 
that a producer could select a group of high RATIO females and artificially inseminate them 
to boars with high expected progeny differences for improved rate of gain and feed 
efficiency. 
121 
The addition of one piglet per litter is viewed as a three billion dollar boon to the pork 
industry. However, this additional benefit to the pork industry is primarily reaped by the 
middle man (meat retailers and the packing industry). In contrast, individual producers who 
adopt this low tech procedure to select high RATIO replacement gilts would have the 
potential to increase litter size up to three piglets by intraherd replacement. Increasing litter 
size by up to three piglets (up to 33%) would allow commercial pork producers to decrease 
their sow herds by an equivalent amount and still keep existing finishing facilities operating 
at full capacity, increasing the efficiency of their operation through decreasing production 
costs. 
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GENERAL CONCLUSION 
Pork producers are under tremendous pressure to produce pork as economically as 
possible as profit margins have continued to shrink. Through genetic selection, the lean 
to fat ratio has improved. Long term studies focusing on nutrition have developed feed 
rations to maximize feed efficiency. Management techniques such as split-sex feeding 
have minimized the wide range in pig weights within pens of market hogs. Such 
uniformity decreases the sort losses that producers suffer when pigs with a great disparity 
in weights are sold at one time. Many large corporate pork producers are vertically 
integrated with feed companies, packing plants and commercial pig companies. Because 
of the volume of pigs produced, this integration allows them to buy feed at reduced 
prices, sell pigs for more money and pay less for replacement breeding stock. Smaller 
producers do not have these luxuries. 
However, the classical methods of genetic selection and management practices to 
increase litter size in the pig as a means of improving reproductive efficiency have failed 
as litter size has remained relatively constant over the last 80 years. Basic research with 
the prolific Chinese Meishan pig has demonstrated that increased prenatal survival can be 
achieved through the limitation of placental size, at least through day 90 of gestation. 
During late gestation, however, fetal-genotype specific mechanisms are activated which 
increase nutrient uptake and waste product removal to meet the increasing demands of 
fast growing fetuses. The Meishan fetus appears to have the ability to increase both 
placental and associated endometrial vascular densities while the placental surface area 
remains relatively constant. In stark contrast, Yorkshire fetuses appear to depend on 
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increasing placental surface during late gestation while the vascular density of the 
placenta and associated endometrium remains relatively constant. 
As uterine space is limiting to litter size, these two different fetal strategies can 
contribute to the determination of litter size. As the pig has a relatively inefficient 
placenta, fetuses that depend on large, avascular placenta Gow piglet weight to placental 
weight ratio) that makes contact with a greater portion of the uterine wall as gestation 
progresses effectively starve out their less viable litter mates. In contrast, fetuses that can 
vascularize their placenta and the associated endometrium (high piglet weight to placental 
weight ratio) take up less uterine space and would allow more of their litter mates to 
survive to term by effectively sharing the wealth. 
It is important to realize that uteri of all sows, regardless of breeding, are 
inhibiting conceptus growth to some extent and that the divergent fetal genotypes which 
exist within all litters responds to this limitation differently. These individualized 
responses during late gestation result in the wide range of placental efficiencies observed 
within a single litter. This individualized response also demands that piglets chosen for 
reproductive efficiency must be done on an individual basis. This procedure would allow 
any pork producer to select his or her own replacement gilts, which would have the 
genetics to maintain an optimum litter size. 
While the placental tagging process is low tech, the process is extremely labor 
intensive as many sows will exceed 4 hours from the time the first piglet is farrowed until 
the last placenta is expelled. As many large corporate hog farms have discarded 
management tools such as clipping needle teeth and docking tails because these practices 
are not cost effective, the placental tagging process would be discarded because of the 
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economies of size and the contracts which exist with the commercial pig companies for 
the purchase of replacement breeding stock. In contrast, smaller more independent 
producers may view the possibility of increased reproductive efficiency as a trade-off for 
the labor required to tag each piglet and its placenta. Producers could either expand their 
operation to handle the increased number of piglets or decrease their sow herd by the 
same percentage as litter size increased yet still operate their finishing facilities at an 
optimum capacity. 
While initial results indicate that the genotype of a female in which conceptuses 
are gestated solely regulates litter size, further studies are needed on the sire influence on 
the number of piglets farrowed per litter. If these future studies confirm these earlier 
observations, producers could artificially inseminate their high ratio females to boars with 
above average expected progeny differences for rates of gain, feed efficiency and meat 
quality. 
Thus the effects of this low tech process for improving reproductive efficiency 
could have wide ranging effects by allowing independent producers to become more 
competitive and effectively serves to level the playing field on which all pork producers 
must operate. 
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